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This dissertation represents an attempt to understand the mecha-
nism of the action of pesticides derived from chlorinated phenols in 
lipid membranes; specifically, the kinetics of pesticide induced hydro-
2 
gen ion transfer in lecithin-cholesterol membranes and its relationship 
to uncoupling activity in energy transducing membranes. The compounds 
of interest were pentachlorophenol, pentachlorobenzenethiol, and 
2,4, 5-trichlorophenol, which are uncouplers of oxidative phosphoryla-
tion and photosynthetic phosphorylation. Information on pesticide in-
duced charge transport in membranes was obtained from the measurements 
of steady state and transient membrane conductance and membrane poten-
tials as a function of the composition of the aqueous phase surrounding 
the membrane and of membrane composition. In addition, a systematic 
theoretical study of a series of membrane transport models was per-
formed in order to elucidate the various aspects of membrane transport 
kinetics and to make predictions relevant to the interpretation of 
experimental results and for further studies of membrane transport 
kinetics. Based on the theoretical results, two kinetic schemes of 
membrane transport were proposed to explain the experimental results; 
one for pentachlorophenol and 2,4, 5-trichlorophenol , and another for 
pentachlorobenzenethiol. The schemes differ in the proposed mechanism 
of charge transfer across membrane water interface. Some conclusions 
regarding the rate limiting step in the charge transport process are 
drawn. The observation that the normalized membrane conductance and the 
relaxation amplitude depend on pH and pesticide concentration indicates 
that the rate limiting step of proton transport kinetics is not related 
to the slow rate of formation or dissociation of a membrane permeable 
ion. It has been shown that the negative membrane surface charge is due 
to the adsorption {)f pentachlorophenol in the ionized form. Measure-
ments of membrane surface potentials based on the microelectrophoretic 
method reveal that the density of ionized pentachlorophenol at the 
3 
membrane surface can be predicted from the Langmuir adsorption model, 
provided that electrostatic repulsion between pentachlorophenol ions 
adsorbed at the membrane and free ions in the aqueous phase is taken 
into account. The fact that the adsorption of positively charged 
tetraphenylarsonium ions and negatively charged salicylate ions modify 
the membrane charge transport induced by 2,4, 5-trichlorophenol, can be 
explained by electrostatic arguments. The ability of pentachloroben-
zenethiol and of chlorinated phenols to induce proton transport in 
membranes is regarded as the origin for both the membrane electrical 
conductivity and their toxic action in energy transducing membranes. We 
have found similarities between the pH dependence of pentachloroben-
zenethiol induced membrane conductance and the pH dependence of the 
pentachlorobenzenethiol uncoupling activity found in mitochondria, as 
reported in the literature. We have also found that the level of 
pentachlorophenol concentration at which the membrane conductance in-
creases above the background level corresponds to the onset of reduc-
tion of carbon uptake by algae. 
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CHAPTER I 
INTRODUCTION 
ENVIRONMENTAL IMPACT 
The compounds of interest are chlorinated phenols. They have many 
technological and economical applications as pesticides and bacteri-
cides. These compounds share many of the beneficial as well as negative 
characteristics with other organochlorines. Their environmental ill 
effects are a result of the following factors. 
(a) Nonspecificity: There is no pesticide which will selectively 
destroy only one species of pests. They are equally poisonous to other 
"non harmful" or "helpful" organisms. 
(b) Resistance: Sometimes the target organism develops a resis-
tance to the pesticide. When combined with nonspecificity of the 
pesticide the development of resistance could in fact lead to effects 
opposite to that intended. 
(c) Persistence: Most naturally occurring organic compounds are 
biodegradable; synthetic chemicals like organochlorines persist in the 
environment for a long time. Sometimes their decomposition products a~e 
also poisonous. 
(d) Biological magnification: Because of high solubility of pesti-
cides in nonpolar solvents they are accumulated in the fatty tissues of 
animals and primary producers such as alga, which are at the origin of 
the food chain. The accumulation of pesticides in the primary consumers 
which feed on alga results in the accumulation and in higher pesticide 
concentrations higher in the food web. This gives rise to the pnenome-
2 
non of biological magnification. Since man lies at the highest point in 
the food web the potential for the accumulation of pesticides in man is 
high. 
It is known that all living things including man carry at least 
trace amounts of pesticide in their tissues. Therefore it is important 
to understand the effect of pesticides on biological systems, especial-
lyon membranes, where the majority of biological functions, including 
energy production, occur. 
BIOLOGICAL MEMBRANES 
Biomembranes are the sites of numerous processes important for 
the existence of life. They maintain and regulate the effects of the 
environment surrounding them by distributing solutes and they are the 
sites of the energy conversion processes. Some of the functions of 
biomembranes are as follows. 
(a) Compartmentalization: There are many membrane bound cells and 
organelles in which the membrane acts as a permeability barrier to 
separating the biomaterial inside from that of the outside compartment. 
This separation provides the means for ensuring high local concentra-
tions of substrates by enclosing solutes in vesicles or organelles. It 
also provides for the bulk-transfer of material by the membrane engulf-
ment of liquid droplets (pinocytosis) or of solids (phagocytosis). 
Transport across membranes or other membrane involving processes are 
universal properties of all cells. 
(b) Transport: The transport of ions and molecules through bio-
membranes can be catagorized into two classes, active and passive. 
Passive transport is a dissipative process and does not require a 
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direct supply of energy and results in the lowering of the electrochem-
ical gradient of solutes existing across the membrane. Active transport 
utilizes energy from various sources and is usually associated with 
movement of ions and molecules across membranes from regions of low 
concentration to regions of high concentration. In this dissertation we 
are concerned with the passive transport of protons across the energy 
transduc ing membranes of mi 'cochondria, bacteria, and chloroplasts by 
chlorinated phenols. 
Action of chlorinated phenols results in the dissipation of the 
electrochemical gradient of hydrogen ions across the membranes of these 
organelles. This dissipation is associated with their primary toxic 
effect. 
The transport of ions and molecules through membranes is mediated 
by membrane pores, channels, or by membrane permeable carrier-solute 
complexes. 
A transmembrane channel is usually formed by the association of 
several macromolecules to form an opening in the membrane and it has 
specific binding sites inside. A pore is usually a wide channel, 
nonselective to small solutes, which does not have specific binding 
sites. 
A carrier is one or several molecules which form a membrane 
permeable complex; the ion or molecule is transferred by diffusion of 
the complex across the membrane. A proton transporting carrier is 
called a protonophore. 
OXIDATIVE PHOSPHORYLATION 
The energy needed for various metabolic processes is often ob-
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tained from the release of phosphate by adenosine triphosphate (ATP). 
The reverse process. production of ATP. taking place in the presence of 
oxygen is called oxidative phosphorylation and occurs at the inner 
membrane of mitochondria. Most of the macroscopic details of this 
process have been worked out. Briefly. oxidation of foodstuff ul ti-
mately results in the flow of electrons and protons through a series of 
protein molecules located in the energy transducing membrane and known 
as the electron transport chain. The energy derived from this process 
is used to convert adenosine diphosphate (ADP) to energy rich adenosine 
triphosphate (ATP), according to the scheme 
A -P-P + P + Energy _ A _P_P'VP, 
ADP ATP 
where A represents the adenosine group, P the phosphate group. and the 
symbol 'V is used to indicate that this bond can be broken with the 
release of energy. Although there is general understanding of the 
energy conservation process, there is still a controversy about the 
mechanism of the coupling of the electron transport to the phosphoryla-
tion of ADP to ATP. Chlorinated phenols have the ability to uncouple 
oxidati ve phosphorylation from the electron transport. Thus. our un-
derstanding of the effect of chlorinated phenols at the membrane level 
is useful for and should be consistent with the concept of coupling. 
Three major hypotheses of coupling have heen put forward. 
(a) Chemical coupling hypothesis. According to the chemical coup-
ling hypothesis electron tr?nspc.t is coupled to phosphorylation 
through a common high energy chemical intermediate. This hypothesis 
requires the presence of two components X and I in addition to consti-
5 
tuents of the electron transport chain. Energy is conserved by the 
formation of a common high energy intermediate X~I with an energy rich 
bond, which is then broken and energy released to the ATP molecule. 
This process is outlined in Fig. 1. However, after twenty years of 
ELECTRON 
TRANSPORT I P ADP CHAIN 7) XI"VI XI"VI AT'P ENERGY 
X X 
Figure 1. Outline of chemical coupling hypothesis. 
intensive research the high energy intermediate has not been detected. 
Many feel that such an intermediate does not exist. Another difficulty 
wi th the chemical coupl ing hypothesis is that it does not provide a 
satisfactory explanation for the fact that a completely intact and 
continuous inner mitrochondrial membrane is a necessary requirement for 
oxidative phosphorylation. In fact, membranes are not required for 
chemical coupling reactions. One of the argumepts for the existence of 
these intermediates in membranes is that the membrane provides a 
non-polar environment necessary for formation of intermediates. 
(b) Conformational coupling hypothesis. According to the con-
formational coupling hypothesis (1) the energy derived from electron 
transport is conserved in the form of a conformational change in an 
electron-carrier-protein or the enzyme F1-ATPase. The high energy con-
formational state is assumed to drive the ATP synthesis in the process 
of the transition of the protein into the low energy confOl-mational 
6 
state. The conformational coupling hypothesis is in principle a varia-
tion of the chemical coupling hypothesis. In the chemical coupling 
hypothesis the energy is stored in a high energy covalent bond whereas 
in the conformational hypothesis the high energy intermediate state can 
be associated with a number of weak non-covalent bonds. 
(c) Chemiosmotic coupling hypothesis. According to chemiosmotic 
coupling hypothesis (2, 3) there are no chemical compounds coupl ing 
electron transport to phosphorylation. Instead, the energy is conserved 
through the development of a proton electrochemical gradient across the 
inner mitochondrial membrane (Fig. 2.a). The series of chemical reac-
outer matrix 
int ra mem brane 
spate 
Figure 2.a. Structure of a motochondrion. 
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tions taking place along with the transport of electrons through the 
system of electron acceptors and electron donors in the inner mitochon-
drial membrane results in pumping of protons from the inside to the 
outside of inner mitochondrial space as shown schematically in Fig. 
2.b. Ultimately, the electror. is used to convert oxygen into water. The 
resul ting transmembrane electrochemical gradient of hydrogen ions, E, 
(Eq. 1) (Fig. 2.c) has two components; one is the chemical potential 
energy of the proton concentration gradient (first term in the Eq. 1), 
and the other the electric potential energy associated with the elec-
tric potential diffel~ence across the membrane (second term in the Eq. 
1). The total energy E is given by 
E kT. In + e. ( '¥ t- '¥. ), 
ou In 
where [H+] denotes the proton concentration, and '¥ the electric poten-
tial; "in" and "out" refer to the matrix and intramembrane space of the 
mitochondrion. The proton electrochemical gradient drives the ATP syn-
thesis according to the reaction shown in Fig. 2.'d. The H+ formed in 
this reaction moves spontaneously to the side with the high concentra-
tion of OH-, which is inside the mitochondrion (matrix). The OH formed 
moves spontaneously to the outside mitochondrial space (intramembrane 
space) where the H+ concentration is high. The above reaction takes 
place in the enzyme F I-ATPase. The processes occurring in photosynthetic 
phosphorylation are very similar, except that the primary energy is 
derived from photons only. 
Oxidati ve phosphorylation is influenced by a number of chemical 
agents which fall into two major classes; uncouplers and inhibitors. 
j n tramembrane 
space 
>~ 
K 
1-\ 
K 
matrix 
iTt-2~ ~ ~ i-~ Inner membrane 
Figure 2.b. Transport of electrons through the electron trans-
port chain in the inner membrane of mitochondria results in 
pumping of protons from the matrix to the intramembrane space. 
intramembrane 
space 
OH 
matrix 
inner membrane 
Figure 2.c. The pumping of protons results in the development 
of a proton electrochemical gradient across the inner mi to-
chondrial membrane. 
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+ ---~) ATP + H + OH 
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Figure 2.d. According to chemiosmotic coupling hypothesis the 
energy of the proton electrochemical gradient drives the ATP 
synthesis. 
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Uncouplers prevent the formation of ATP without disrupting the electron 
transport, whereas inhibitors prevent both the electron transport and 
AT? synthesis. 
Two classes of weak acid uncouplers are recognized, distinguished 
by their action in lipid membranes. Class I uncouplers induce conduc-
tance in lipid bilayer membranes that is proportional to uncoupler 
concentration. Class II uncouplers induce conductance in lipid bilayer 
membranes that depend quadratically on uncoupler concentration. Ex-
amples of c lass I uncouplers are 5F6847 (4), carbonylcyanide m-chloro-
phenyl hydrazone (CCC?) (5), and 3-t-butyl, 5-chloro, 2' -chloro, 4 I -ni tro-
salicylanilide (513) (6). Examples of class II uncouplers are 2,4-dini-
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trophen01 (DNP) (7), 5,6-dichloro-2-trifluoromethylbenzimidazole (DTFB) 
(8), and tetrachloro-2-trifluoromethylbenzimidazole (TTFB) (9). An ex-
ample of an inhibitor is oligomycin (10). 
According to the chemical and conformational coupling hypotheses 
the unco1lplers either break down or discharge the high energy inter-
mediate thus preventing ATP formation. According to the chemiosmotic 
hypothesis uncouplers dissipate the energy of the proton electrochem-
ical gradient existing across the inner mitochondrial membrane. Iono-
phores and protonophores can act as uncouplers by reducing the electro-
chemical potential difference of hydrogen ions that exist across the 
inner mitochondrial membrane or across the thylakoid membrane in chloro-
plasts. In either case the reduced proton electrochemical gradient 
becomes insufficient for the production of ATP. 
The validity of the coupling hypotheses has been tested using 
artificial membrane systems. According to the chemiosmotic hypothesis, 
the toxic action of weak acids consists in the uncoupling of phos-
phorylation from electron transport, by their protonophoretic ability 
( 11 ). Therefore they are expected to and in fact they do transport 
protons across all lipid membranes. The rate of proton translocation 
induced by uncouplers should correlate with their uncoupling activity. 
So far all uncouplers have been found to induce electrical conduc-
tivity in artificial bilayer membranes and the conductivity is associa-
ted with translocation of protons (8). We will return to the problem of 
the correlation between uncoupling activity and electrical conductance 
induced in bilayer membranes after the review of properties of arti-
ficial membrane systems. 
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ARTIFICIAL MEMBRANES 
At the present stage in the development of membrane biophysics, 
biological membranes appear to be too complex for simple analysis. 
Their complexity is due to: (1) the many lipid structures constituting 
the membrane, (2) the non-uniform distribution of lipids wi thin the 
membrane, and (3) the pres~nce of p,~teins (12). 
It is advantageous to use artificial lipid membranes in the 
detai led stud ies of many transport mechanisms, and for the testing of 
the different hypotheses relating membrane structure and membrane prop-
erties. Artificial membranes have simpler and better defined structure 
and their properties are reproducible (13). Many artificial membrane 
transport systems have been well characterized (5, 9). Studies on 
artificial membranes are biologically relevant because the membranes 
are prepared from the lipids occurring in natural biomembranes. 
The existence of polar head groups and hydrocarbon chains in the 
lipid molecule (Fig. 10) is essential to the existence of lipid bilayer 
membrane (Figs. 3-6) (14). Membranes are dynamic structures (15); the 
lipids readily undergo lateral diffusion along their plane (0 :: 10-8 
_10
-
10 
cm2/s) (16), d h 1 dOl th b (fll"p-an muc ess rea ~ y across e mem rane 
flop) (17-19). The primary distinction between the biological membranes 
(20) and the artificial membranes (21) is depicted in Figs. 3 and 4. 
Lipids mixed in water in a flask spontaneously form multilamellar 
vesicles having structures such as shown in Fig. 5 (22). These vesicles 
are frequently used in adsorption studies (23). It has furthermore been 
shown possible to reconstitute a number of essential life supporting 
systems (24, 25) including oxidative phosphorylation (26) in single 
layered vesicles (27) (Fig. 6). 
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Figure 3. Structure of a biological membrane. 
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Figure 4. structure of an artificial lipid bilayer membrane. 
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Figure 5. Structure of a multi lamellar vesicle. 
Figure 6. Structure of a liposome. 
aqueous 
solution 
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Planar bilayer membranes are useful tools for electric field 
driven studies of membrane ion transport. We have used them in this 
project to advance our understanding of action of chlorinated phenols 
on membranes at the molecular level. We have been particularly inter-
ested in the relationship between the effect of induced electrical 
conductivity and the alteration of membrane biological function. 
ACTION OF UNCOUPLERS IN MEMBRANES; 
MEMBRANE CONDUCTANCE AND UNCOUPLING ACTIVITY 
Studies of membrane conductivity induced by weak acid uncouplers 
indicate that transmembrane charge transport is kinetically linked to 
the translocation of protons across lipid membranes (5,7,8,28-30). This 
result is in general agreement with the chemiosmotic hypothesis accord-
ing to which the biological action of weak acids, and the uncoupling of 
oxidati ve and photosynthetic phosphorylation, is assoc iated with the 
movement of protons across biological membranes (2). Thus if the 
chemiosmotic hypothesis is correct, one would expect to find that (a) 
all weak acid uncouplers induce conductivity in lipid bilayer mem-
branes, (b) all weak acids that increase the conductivity of artificial 
lipid membranes also uncouple phosphorylation, and (c) there is a 
correlation between the magnitude of membrane conductance and uncoup-
ling acti vi ty. Many weak acid uncouplers have been found to increase 
electrical conductance of lipid membranes (5,7-9,28-30). However, there 
have been reports of discrepancies between the above mentioned expecta-
tions and the experimental findings (31-34). In recent studies some of 
the discrepancies have been resolved (35). This project represents a 
contribution to these efforts. 
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It was reported that one of the exceptional weak acid uncouplers 
was thiosalicylate since it was found to be biologically active but did 
not influence the conductivity of lipid membranes (31,32). This observa-
tion contradicted chemiosmotic concept and also the observation that 
thiosalicylate increased the flow of hydrogen ions in lipid vesicles 
(31). It has been shown that the failure to observe thiosalicylate 
induced membrane conductivity was due to "leaky" membranes which had 
high background conductance (35). It was found necessary to prepare 
membranes from highly purified lipids in order to demonstrate the 
increase of membrane conductivity in the presence of thiosalicylate 
(35). 
The validity of chemiosmotic hypothesis would also be question-
able if there were weak acids which increased the conductivity of lipid 
membranes but would not act as uncouplers in biological systems. 
Picrate was reported to be such a compound (36,37). Picrate did not 
uncouple mitochondria, but it was found to uncouple submitochondrial 
partic les (36). This observation prompted some investigators (33) to 
conclude that picrate is completely impermeable in inner mitochondrial 
membrane, and to suggest that uncoupling activity of picrate, and 
perhaps of all weak acid uncouplers, is due to their binding to a 
specific site at the interior surface of the inner mitochondrial 
membrane. Binding of uncouplers to specific sites was supposed to 
discharge the high energy intermediate postulated in chemical and 
conformational coupling hypotheses. The above interpretation of action 
of picrate seemed to contradict chemiosmotic hypothesis and favor 
applicability of alternate concepts of coupling. McLaughlin et ale (35) 
realized the significance of the fact that vesicles prepared from 
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mi tochondrial membranes are "inverted", i.e. the interior membrane of 
mi tochondl'ia becomes the exterior membrane of submitochondrial ves-
icles, which results in the reversal of electric field in the trans-
ducing membranes. These authors presented al ternati ve quanti tati ve ex-
planations for the unusual experimental results obtained with picrate. 
These results are now in agreement with the chemiosmotic hypothesis. 
The reason for the exceptional prcp,=rty of picrate rests on the 
fact that its pK is low (=0.3) and the anionic form is highly membrane 
a 
permeable (37). Thus at physiological pH essentially all picrate is in 
the anionic form. In mitochondria the electric potential of the outer 
compartment is positive with respect to the interior space so that the 
picrate ions are prevented from entering the inner space by the 
electric field. In the inverted submitochondrial particles the membrane 
potential difference is reversed and picrate anions are driven into the 
submitochondrial particles. As a result the submitochondrial particles, 
but not mitochondria, are sensitive to picrate. 
These two results of biophysical studies are intended to illus-
trate that understanding of the action of biologically active compounds 
in artificial lipid membranes is useful for the interpretation of their 
biological effects. 
It is necessary that physical models of the action of uncouplers 
in membranes be able to reconcile (a) the pH dependence of uncoupler 
induced membrane conducti vi ty with the pH dependence of uncoupl ing 
activity, and (b) the concentration dependence of membrane conductivity 
with the concentration dependence of uncoupling activity. Again, within 
the concept of the chemiosmotic hypothesis it is to be expected that 
the above dependencies be identical. This project was motivated by the 
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above concerns. We have studied the effect of pentachlorobenzenethiol 
on the conducti vi ty of lipid membranes because the results of other 
investigators were in conflict with the chemiosmotic concept (34). 
Wi Ison et. a1. (34) measured the pH dependence of uncoupl ing 
activity of pentachlorobenzenethiol in rat liver mitochondria, and the 
pH dependence of pentachlorobenzenethiol induced conductivity in lipid 
bilaYE::r membranes. These authors reported on absence of correlation 
between the pH dependence of membrane conductance and pH dependence of 
uncoupling acti vi ty. In the present project we have performed careful 
experiments and have found experimental conditions which made it possi-
ble to study the effect of pentachlorobenzenethiol induced conductivity 
in greater detail. We have found that our data on pH depc:ndence of 
induced conductance in lipid bilayers and the Wilson et al. (34) data 
on uncoupling activity in mitochondria are very similar (Fig. 42), as 
is predicted from chemiosmotic concept. 
Another relationship that follows from the chemiosmotic theory is 
that the dependence of membrane conductance on concentration of uncoup-
ler and thp. d~pendence of uncoupling acti vi ty on uncoupler ccncen-
tration are to be identical. This problem has not yet received suffi-
cient attention. It was noted that for the uncoupler DTFB that the 
dependence of uncoupl ing acti vi ty on DTFB concentration was 1 inear 
whereas the concentration dependence of DTFB induced conductance was 
quadratic (9). It was also found that electrical conductance of lipid 
membranes prepared with chlorodecane as sol vent was 1 inear ly, instead 
of quadratically, dependent on DTFB concentration (9). The increase of 
membrane dielectric constant, due to the presence of chlorodecane 
resul ts in the decrease of the potential energy of DTFB anions in the 
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membrane; these then become the dominating permeable ion and brings 
about the transition from quadratic to linear concentration dependence. 
It has been proposed (9,35) that similar effects occur in biomembranes 
because of the existence of membrane bound proteins which increase the 
dielectric constant of biomembranes compared to that of lipid bilayer 
membranes. It has been shown that the concept of higher dielectric 
constant can, in principle, reconcile both the uncoupling and conduc-
tivity effects. 
POTENTIAL ENERGY BARRIERS TO ION TRANSPORT IN MEMBRANES 
It is well known that membrane interior presents a potential 
energy barrier for penetrating ions. The major contribution to the 
height of the barrier comes from the Born charging energy 
2 2 ~(.!. 
2kTr £ 
m 
.!. ) 
£ 
W 
(2) 
which represents the energy required to move an ion of radius rand 
charge ze from the aqueous phase of dielectric constant £ 
W 
into the 
memt.:'ane approximat~d by a thick slab of dielectric constant £ • k is 
m' 
the Boltzmann constant and T is the absolute temperature. However, this 
expression is only a~ approximate one because the membrane, being only 
about 50-100 g thick, cannot be treated as a truly macroscopic phase. 
An ion entering the membrane (£ =2) from the aqueous phase (£ = 80) is 
m w 
subject to an image force due to the polarization of the membrane-water 
interface. As a result an ion in the aqueous phase near the membrane 
will experience a force away from the membrane, and the ion in the 
membrane near the interface will experience a force towards the inter-
face. Because membrane has two interfaces at a distance comparable to 
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the range of image forces, one has to consider an infinite number of 
image planes on either side of the membrane in the electrostatic 
treatment of the problem. This problem has been solved using various 
approximations (38-40). The shape of the image charge barrier for 
different values of the membrane phase dielectric constant is shown in 
Fig. 7. The dashed lines indicate the Born charging energies, corres-
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Figure 7. The image charge potential energy barrier experi-
enced by an ion in a bi layer membrane. z = valency of the 
ien; !:"' = radius of the ion, d = thickness of the membrane; 
€ ,€ = dielectric constants of the membrane and water 
r~spe~ti vely. W (x) is in units of kT. The dashed lines are 
the Born charging energies calculated using Eq. 2 for the 
same parameters. This figure is reproduced from reference 40. 
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ponding to infinitely thick medium, for the same parameters. At the 
center of the barrier the Born charging energies do not differ signifi-
cantly from those obtained by image charge calculations. An expression 
for the image charge barrier potential energy W(x) is derived in 
reference (38). 
In case of certain large organic ions, such as tetraphenylborate 
or the dipicrylamine anions, ion entrance into the membrane is favored 
by rather strong hydrophobic forces (41). Due to chemical interactions 
between the entering particle and the membrane there is a decrease of 
free energy; with regard to the hydrophobic interaction the membrane 
acts as a potential energy well. The resulting membrane potential 
energy profile for the entering ion is the sum of the image charge 
barrier and the hydrophobic energy well (Fig. 8). It shows two poten-
tial wells at the membrane water interface which are associated with 
the ion adsorption planes. 
JUSTIFICATION OF DESCRIPTION OF MEMBRANE ION 
TRANSPORT BY EQUATIONS OF CHEMICAL KINETICS 
Electrodiffusion equations, which are strictly applicable only to 
macroscopic media, can be used to describe the motion of an ion in a 
membrane, provided that the potential energy barrier W(x) is also taken 
into account. The flux j is given by 
j (t) = - cud III dx , (3 ) 
where c ion concentration in the membrane, 
u mobility, 
and electrochemical potential energy of the ion in the membrane. 
The electrochemical potential energy is given by 
potential Imave charge barrier 
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Figure 8. Component and the resultant potential energy barri-
er for hydrophobic ions in a bilayer membrane. 
~ = ~o + kTln(c) + ze~, 
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(4) 
where ~ 0 is a constant and z is the valency of the ion. ze ~ (x) rep-
resents the potential energy of the ion in the membrane and consists of 
two terms. One is the electric potential energy ze¢ (x) due to the 
externally applied electric field, and the other term, W(x), is the 
potential energy of the interaction of the ion with the polarization 
charges at the membrane water interface (Fig. 7). Therefore, 
jet) (5 ) 
Using Einstein's relation u O/kT where 0 is the diffusion coefficient, 
j (t) _Odc _ cD ze ~ dx kT dx 
cD dW 
kT dx 
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(6) 
The concentration c is a function of the time and position. A 
l'elationship between the flux j across the membrane and the concentra-
tion of ions at the membrane water interface is obtained by integrating 
Eq. 6 between the left ion adsorption plane at x = n and the right ion 
adsorption plane at x d-n.Oenoting c at x =n by c' and c at x d-n 
by c" we obtain 
j(t) c'exp(-zeSV/2kT) - c" exp(zeSV/2kT) (7 ) 
where W
1
(x) = W(x) - W(n) is the ion potential energy relative to that 
at the adsorption plane (Fig. 8). Coefficient SV is the fraction of the 
applied voltage effective in driving transmembrane transport {S = 
(d-2n)/d}. Anderson and Fuchs (38) have shown that Eq. 7 can be written 
in a more convenient form 
j(t) c'exp(-zeSV/2kT) - c"exp(zeSV/2kT) 
[ 2 d-n-1 exp w(zeV/kT) ]n f 0 exp[w1 (x)/kT]dx 
(8) 
Parameter w is dependent on the membrane thickness and has been tabu-
lated for various membrane thicknesses in reference (38). The above 
electrodiffusion model of ion transport has been experimentally veri-
fied and found satisfactory (38). 
The form of Eq. 8 can be used to illustrate the equivalence 
between the electrodiffusion and kinetic treatment of ion transport in 
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membranes. According to the concepts of chemical kinetics, the net flux 
of ions across the membrane is given by the difference of the partial 
fluxes 
j(t) - dN'/dt k N' - k Nil 1 2 dN"/dt, (9 ) 
where k1 represents the rate constant for ion translocation from left 
to right and k2 represents the rate constant for ion translocation from 
right to left. N' and Nil are the ion densities per unit area at the 
left and right adsorption planes. From the comparison of Eq. 8 with 
Eq. 9 it is obvious that the electrodiffusion and kinetic treatment of 
membrane transport are equivalent. The relationships between N', Nil and 
c', c" are N' = c' y and Nil = c" Y where Y is the width of the ion 
w w w 
adsorption well at the interface. The rate constants kl and k2 are 
vol tage dependent due to the change of the height of the membrane 
potential energy barrier by the applied voltage. The explicit forms for 
the ion translocation rate constants are 
k1 ko 
2 
exp(-w(zeV/kT) ) exp (-ze j3V/2kT) , (10) 
k2 kO 
2 
exp(-w(zeV/kT) ) exp( ze j3V/2kT), (11 ) 
d-n 
-1 -1 
where kO nf D exp(W1 (X)/kT)dx] (12) 
is the rate constant for translocation of ions in the absence of an 
electric field. Eq. 12 shows the relationship between the ion transloca-
tion rate constant and the diffusion coefficient in the membrane 
interior and the relative height of membrane potential energy barrier. 
Since w is of -3 the order of 10 (38) the variation of the factor 
2 
exp(-w(zeV/kT) ) with voltage is small. Hence in the analysis of 
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kinetic models we neglect this term. Since there is no indication that 
the ions we studied are adsorbed at a considerable distance below the 
membrane surface, we also take a 1. Then for negatively charged 
monovalent ions (ze = -1) such as ions derived from chlorinated phenols 
','Ie have 
kO exp(eV/2kT), (13) 
and kO exp(-eV/2kT). (14) 
MODELS OF MEMBRANE TRANSPORT 
Eqs. 13 and 14 are adequate to describe the transport of highly 
hydrophobic ions such as tetraphenylborate (see Chapter V) through 
membranes. At low aqueous concentrations the rate of interfacial trans-
fer of such ions across the membrane water interface is slow (38,42), 
so that when a potential difference is applied across the membrane one 
observes only a transient current arising from the redistribution of 
ions between the two membrane surfaces. 
Ionophores like nonactin and valinomycin, on the other hand, form 
+ 
membrane permeable complexes with monovalent cations like K and there-
fore the treatment of ionophore mediated transport require multistep 
kinetics. It is usually the membrane bound ionophore that associates 
with the cation from the aqueous phase and after diffusing to the other 
side of the membrane, it releases the cation to the aqueous phase at 
the opposite membrane surface. The unloaded ionophore molecule, being 
highly permeable in the membrane because it does not experience the 
electrostatic potential energy barrier, then diffuses back to the 
25 
original side of the membrane. This mode of membrane transport has been 
extensively studied and appears to be well understood (43). 
Class I uncouplers induce conductivities which depend linearly on 
the uncoupler concentration. In this case the membrane permeable ion. is 
most probably the anionic form of the uncoupler (30,5). In steady state 
the flow of uncoupler anions is supported by an equal and opposite flow 
of neutral uncoupler molecules. This mechanism has been extensively 
studied in the classic paper by LeBlanc (5) who also took into 
consideration the aqueous unstirred layers in membrane vicinity. He 
also developed a method to determine the membrane permeability of the 
neutral form of class I uncouplers. The method is based on the measure-
ments of the membrane potential produced in response to hydrogen ion 
concentration gradients across the membrane. If the transport limiting 
effects caused by aqueous unstirred layers are insignificant, then the 
ion transport induced by class I uncouplers can be described by a model 
very similar to that of carrier mediated transport induced by iono-
phores (see Chapter V). 
The membrane permeable ion in the case of class II uncouplers was 
assumed to be a dimer HA; formed by the association of a neutral HA and 
an anionic A- form of the uncoupler (44,45). This assumption explains 
both the concentration dependence and the pH dependence of conductivity 
induced by class II uncouplers and is supported by the discovery of 
existence of a similar complex by Poonia (46). The complex HA2 can be 
formed either in the aqueous phase or at the membrane. If this dimer 
was formed in the aqueous solution, then one would expect to observe 
unstirred layer effects (47), such as membrane current decay on time 
scale of seconds. These are not experimentally observed. Also the 
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maximum conductance expected for charge transport by diffusion through 
the aqueous unstirred layers is significantly smaller than that ob-
served experimentally (8,28,30). These observations rule out the possi-
bility of the formation of dimers in the aqueous phase. Neumcke et al. 
(30) considered a number of different bimolecular models of membrane 
transport consistent with the above mentioned results. They concluded, 
resting their conclusions on results of current transient experiments 
performed with the uncoupler TTFB, that the model which best explains 
the experimental results is one in which the dimers are formed at the 
membrane surface and in which the flux of dimers through the membrane 
is supported by an opposite flux of neutral uncoupler molecules. This 
model (dimer model A) is discussed in detail in Chapter III. 
KINETIC LIMITATIONS 
One of the important factors illuminating the kinetics of mern.-
brane transport are kinetic limitations. Kinetic limitations occur 
whenever the chemical processes coupled to the transmembrane flow of 
ions are not fast enough to keep up with or support the otherwise 
predicted transmembrane flow of ions. In the absence of kinetic limita-
tions the curr"ent through the membrane is determined by the membrane 
potential energy barrier for membrane permeable ions, and by the densi-
ty of membrane permeable ions at the membrane water interface. Under 
these conditions, the initial current, which reflects the initial 
equilibrium conditions and is observed when a voltage step is first 
applied aCross the membrane, does not change with time. It means that 
no current decay, called relaxation, is observable in the absence of 
kinetic limitations. 
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The steady state and transient characteristics of membrane trans-
port depend on the type of kinetic limitations that are associated with 
the different processes of the transport cycle. It is sometimes pos-
sible to predict the type of kinetic limitations responsible for the 
observed experimental results. 
It follows from the condition of equilibrium that in the absence 
of kinetic limitations, and assuming that the transmembrane transport 
is driven by the full applied voltage, that the normalized membrane 
conductivity is equal to 
G(V)/G(O) sinh(eV/2kT)/(eV/2kT) (15) 
where G(V) is the conductivity at the applied voltage V, and G(O) is 
the value of G(V) when extrapolated to zero voltage. Therefore, if the 
experimentally obtained normalized membr"ane conducti vi ty values are 
lower than those predicted by Eq. 15, it means that kinetic limitations 
are present. Changes of the normalized membrane conductance with the pH 
of aqueous environment and the concentration of uncoupler can be used 
to gain insight into the type of kinetic limitations involved. 
We outline the theoretical methods adopted for the analysis of 
membrane transport models. 
OUTLINE OF THEORETICAL METHODS OF ANALYSIS OF MEMBRANE KINETICS 
(1) Linear Models of Membrane Transport. Let the membrane trans-
port scheme consist of s components, and let each component interact 
wi th every other component. As an illustration consider the scheme 
shown in Fig. 9. k XY denotes the rate constant for the convers ion of 
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component Y to X. Let the transmembrane ion translocation be denoted by 
the reaction A-B. Then the ion flux through the membrane is given by 
jet) 
, 
K Be 
Figure 9. General linear model of membrane transport. 
(16) 
The time dependent densities nA ' nB of the membrane permeable ion on 
either side of the membrane are obtained by solving the set of 
differential equations 18 given below. The rate of change of the concen-
tration of A is given by 
where kAA 
Similarly 
k n 
ACt. Ct., 
-(kBA + kCA + kOA + ••••••••• ). 
dnB/dt = E kB n 
Ct. Ct. Ct., 
dnS/dt = E ks n 
Ct. Ct. Ct.. 
(17) 
(18) 
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(a) General method of solution. General solution of a set of 
coupled, linear, homogeneous differential equations is given by 
n 
a 
a , 
aJ 
exp(-A,t) 
J 
+ n 
a 
(19 ) 
where n, is the steady state concentration of the component i which is 
1 
obtained by solving the system for steady state. The constants a , 
aJ 
and A, can be obtained by substituting Eq. 19 into the set of differen-
J 
tial Eqs. 17-18. 
For component A we get 
_E s a A, exp(-A,t) = 
A,j J J j=A 
Rearranging terms and changing summations 
s 
,E A exp(-A,t) [EkA a , + A,aA ,] + EkA n - O. J = J 0 a aJ J J a 0 a 
Eq. 21 is satisfied at all times only if 
and 
E kA a , + A, a A ' a a aJ J J 
-Ek n = 0 
o Aa a 
o 
Similarly for all components we get 
and 
Eko a , + A, a
oJ' a pa aJ J..., 
Eko 
a ...,0 
n 
o 
o 
o 
8 A, B, C, ••••••• ,5. 
(20) 
(21) 
(22) 
(23) 
(24) 
(25) 
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(27) 
The above secular equation is of degree s in A and by solving it we j 
obtain s relaxation time constants T, given by T, = 1/ ,. These relaxa-
~ ~ ~ 
tion times have a physical meaning only when T, is real and positive. 
~ 
Real negative T, 
~ 
would mean that the concentrations would increase 
indefinitely with time and imaginary T, would mean that the concentra-
~ 
tion would oscillate with time. The constants a , are obtained from the 
cxJ 
set of Eqs. 26 and the initial conditions. The flux of membrane 
permeable species through the membrane could be expressed in the form 
j(t) I; cx , 
J J 
-tIT , 
e J + j(o:» (28) 
(b) Solution in terms of Normal Coordinates. The general method 
of solution discussed in (a) is convenient for obtaining analytical 
solutions to simpler problems. But for complex systems the formulation 
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in the form of an eigenvalue problem is more useful because of the 
availability of number of computer programs in scientific subroutine 
libraries which can be efficiently applied to studies of membrane 
kinetics. 
The solution of the membrane transport problem, for the time 
evolution of transmembrane ion flux, is mathematically similar to the 
problem of determining eigenfrequencies and eigenvectors of vibrating 
systems. Instead of a generalized displacement vector in the mechanical 
problem, it is possible to construct a concentration vector repre-
senting the displacements of concentrations or surface densities from 
the initial equilibrium or from the final steady states. Corresponding 
to eigenfrequencies the method gives the reciprocals of relaxation time 
constants. 
The problem of membrane transport was set up in the previous 
subsection (a); according to Eqs. 17 and 18, the rate of change of 
density of species B is, 
where B 
and a 
dnB/dt = Ek n, 
a Ba a 
A, B, •••• 5, 
A, B, •••• 5. 
(29) 
Substituting X , the displacement of the concentration of the component 
ex 
a from either the initial equilibrium or the final steady state n , 
ex 
defined by the Eq. n (t) = X (t) + n 
ex ex ex 
(30) 
we obtain a set of first order differential equations for the concentra-
tion displacements, 
dXS/dt = EkS X 
a ex a 
(31) 
since Ek n = 0 for all components S. 
a Sa a 
The form of Eq. 17 indicates that Edn /dt = 0, which means that 
a a 
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En 
a a 
= consta'1t. The same is true for the displacements of concentrations, 
but in this case the constant is zero, which follows from the defini-
tion of X (Eq. 30). Therefore, 
o. (32) 
The above result means that these s component concentrations are 
linearly dependent and thus only (s-l) components are required to 
completely specify the state of the system. In other words, the number 
of degrees of freedom of the system is (s-l). We could use the mass 
conservation Eq. 32 to reduce the system of differential equations from 
s to (s-l) which would yield (s-l) relaxation time constants. 
In matrix notation the set 31 could be written in the form 
{dX/dt} {K} {X}, (33) 
where {dX/dt} and {X} are column vectors and {K} is the kinetic matrix, 
whose components are k . Let the concentration displacement vector {X} 
Sa 
be expressed as a linear combination of another vector {Y} by the 
transformation 
{ X} {M} {Y}. (34) 
Substituting for X in terms of Y in Eq. 33 we arrive at 
{ dY/dt} {M-1 } {K} {M} {Y}. (35) 
If -the transformation matrix {M} is selected in such a way that after 
the similarity transformation {M- l } {K} {M} the new matrix is diagonal 
-x 1 
o 
-x 2 
o 
the system of differential equations then becomes decoupledj 
-x 1 
o 
and it has solutions 
-x 2 
-x 
s-l 
o 
Yoexp(-x.t) = Y·Oexp(-t/t.) 1 . 1 1 1 
i = 1, 2, 3, •••. ,(s-l). 
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(36) 
( 37) 
(38 ) 
Y i (i = 1, 2, 3, ..•• ,s) are the normal coordinates and y iO are the 
initial amplitudes of the normal coordinates. 
Since the eigenvalues do not change under a simi lari ty tratl::;-
formation, it follows that the diagonal elements of the matrix 
{M-1 } {K} {M} are equal to the eigenvalues of the kinetic matrix {K} 
obtained from the eigenvalue Eq. 
{K} {a} = -x.{a}, 
J 
which is the same as Eq. 26. 
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(39) 
Eq. 38 could be transformed back to the original coordinates X by 
operating on it by the transformation matrix {M}. This operation yields 
(40) 
The displacement amplitudes YiO of the normal coordinates are obtained 
from the initinl conditions. The transmembrane flux is given by 
kSA(XA + nA) - kAS (Xs + ns) 
kSA,XA - kASXS + J where J 
~ j·o·exp(-t/,.) + j 
~ 1 ~ 
(41) 
The initial flux is 
i = 1, 2, 3, •••• (42) 
(2) Nonlinear Models of Membrane Transport. A nonlinear membrane 
transport model consists of schemes of the following general type 
k f 
rpAnA + rpsnS + rpCnC + ••••••• ~p- rpTnT + rpunU + rpvnV + •••••• (43) 
pr 
where p denotes one of the reaction pathways. The r's are the stoichio-
metric coefficients and the n's are the surface densities of individual 
components. From the theory of chemical kinetics it follows that the 
rate of the forward and the reverse processes for this particular 
35 
reaction are given by 
and dn I dt ~ ~r 
r B 
n p 
B 
r 
k n pT 
pr T 
r U 
n p 
U 
r V 
n p 
V 
(44) 
(45) 
The rate of change of any component CL is obtained by summing over all 
reaction pathways in which the component CL take part. 
dn 
CL 
dt 
r B 
n p 
B • • • • • •• + 
r 
k n pT 
pr T 
r 
n
u
PU 
••••••• ] (46) 
No general analytical method of solution exists for the exact 
solution of this system. Therefore either numerical integration methods 
or approximate analytical solutions by linearization around the initial 
equalibrium or final steady state must be adopted. 
The linearization process proceeds as follows. Let n represent 
CL 
either the initial equalibrium state or the final steady state surface 
density of the component CL. Then we can define the displacement density 
X by n 
CL CL 
x + n . The rate of change of density displacement in the 
CL CL 
vicinity of the reference state is then given by 
(r A-I) r B r r (r -1) r 
E k [(r n- p X )n- p - pC - pA( - pB )- pC ] p- pf pA A A B .nC ••.•••• +n A l'psn_ Xs nC ..• 
(r T-1) r U r r (r -1) r 
+ E k [(r Tn-T p X )Q.p .n- pV - pT( - pU )- pV) ] P pr P T U V •... +nT rpunu Xu nV •• 
(47) 
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The above result was obtained by using the binomial expansion and 
retaining only the I inear terms in X. This implies that X «n , i.e. 
a a 
the displacement of the system from the reference state is very small. 
Eq. 47 can be written in a simpler form; 
dX 
a 
dt (48) 
This is a system of linear, first order differential equations and can 
be exactly solved for by the methods outlined in the preceding subsec-
tion. The linearization method is a useful technique for systems which 
can not be displaced significantly from the reference state. It is 
expected that, depending on the reference state, the linearized trans-
port models will provide an adequate description of the transient 
membrane flux in two cases; (a) in the initial phase of the relaxation 
process i.e. in the short time domain, when the fast processes dominate 
the relaxation amplitude, or (b) in the final phase, i. e. in the long 
time domain, when the relaxation is dominated by the slowest process. 
CHAPTER II 
METHODS AND MATERIALS 
MATERIALS 
Membranes and lipid vesicles were prepared from egg lecithin 
(phosphatidylcholine) (Fig. 10) and mixtures of egg lecithin and choles-
terol, respectively. Egg lecithin was prepared by Dr. Kwan Hsu by the 
method described in (28). Recrystallized cholesterol was a gift from 
Dr. David McClure of the Chemistry Department. Pentachlorophenol (PCP) 
(Fig. 11.a) and n-decane were purchased from Aldrich Chemical Company. 
Pentachlorobenzenethiol (PCBT) (Fig. 11. b) was purchased from Dupont 
(RPA No.6), and purified by Dr. Kwan Hsu according to the methods 
described in (48). 2,4, 5-Trichlorophenol (2, {" 5-TCP) (Fig. 11.c) was 
purchased from Aldrich Chemical Company and was purified by recrystal-
lization. 
MEMBRANE EXPERIMENTS 
Black lipid membranes were formed by the brush technique on a 
2.Omm diameter hole in a wall of a TFE (tetrafluoroethylene resin) 
cell. The voltage applied across the membrane was measured with a 
digi tal mul timeter (DANA Laboratories, Inc., model t.200). The steady 
state current through the membrane was measured with an electrometer 
(Princeton Applied Research Model 135), or a digital multimeter (Keith-
ley Instruments Inc., Model 160B). Generally, fiber tip calomel elec-
hydrophilic 
polar 
head group 
hydrophobic 
hydrocarb on 
tail 
Figure 10. structure of phosphatidylcholine. 
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Figure ll.a. structure of pentachlorophenol. 
PCST 
Figure ll.b. Structure of pentachlorobenzenethiol. 
CI 
H CI 
2,4,5-TCP 
Figure 11.c. Structure of 2,4,5-trichlorophenol. 
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tr'odes (Corning) were used; when the membrane resistance became com-
parable with the internal resi!::;tance of calomel electrodes, Ag/ AgCl 
electrodes (Annex Instruments) were used. 
The membrane forming solution contained egg lec i thin, choles-
terol, and membrane modifier (PCP or PCBT) dissolved in n-decane. The 
lipid content was approximately 10 mg/ml. All solutions containing PCBT 
were kept in the dark, sealed under nitrogen and were spectroscopically 
monitored for PCBT decay. The aqueous medium contained 0.5 M KC1, and 
phosphate/ci trate/borate buffer at concentrations 0.02/0.02/0.005 M, 
unless otherwise mentioned. At this high buffer concentration the 
effects due to "unstirred layers" (47) were unimportant. All measure-
ments were done at room temperature o (21-23 C). The steady state 
current-voltage characteristics were measured after the current stabi-
lized, which was monitored by periodic application of 25.0 mV pulses. 
Membrane conductance was calculated using the area of the hole. 
It was essential to incorporate PCBT into the membrane forming 
solution, because if PCBT was present only in the aqueous medium, the 
membrane conductance would increase very slowly and never reach a 
stationary level. Incorporation of PCBT into the membrane forming 
solution also avoided any artifacts associated with the presence of 
PCBT suspensions in the aqueous medium due to low solubility of PCBT in 
water. In experiments with the uncoupler 2,4, 5-TCP the uncoupleI' was 
dissolved in the aqueous solution and not in the membrane forming 
solution in order to increase the stability and the lifetime of the 
membrane. ' 
The escape of PCBT from the membrane and the membrane torus into 
the aqueous solution did not represent a serious problem, because the 
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efflux is very small due to the very low solubility of PCBT in water. 
The concentration of PCBT in the membrane is maintained by its diffu-
sion from the membrane torus, which acts as a PCBT reservoir. In the 
case of PCP the membrane current gradually decreased with time at high 
pH. Under such circumstances, the data were taken as soon as an 
apparent equilibrium was reached. The data points represent an average 
obtained on at least four membranes. 
CURRENT TRANSIENT MEASUREMENTS 
The membrane current relaxation experiments were performed using 
the apparatus originally designed by Sargent (49) and schematically 
shown in Fig. 12. A voltage step was applied across the membrane and 
the resulting current transient was amplified, digitized and stored in 
the transient recorder (Biomation, Model 802). The data were displayed 
on an oscilloscope for inspection and finally recorded on a X-Y plotter 
(Houston Instruments, Omnigraphic Model 2000). The transient character-
istics, the relaxation amplitude a and the time constant t, were 
obtained by a least square fit of the current decay at long times (i.e. 
after the amplifier had fully recovered from the membrane capacitive 
current overload) to the equation 
I [1 + a exp(-t/t)], 
00 
(49) 
where (50) 
and where 10 = initial current (i.e. at t = 0) 
and steady state current (i.e. at t 00) 
The amplitude and the time constant of transient currents induced 
by the uncouplers were for a wide range of experimental conditions at or 
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Figure 12. Block diagram of the setup used for current transient experiments. .r-.. 
N 
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below the detection and time resolution limit of the available equip-
ment. It was possible to measure the membrane current decay with time 
. -7 
constant greater than 20 microseconds for currents ex~eedlng 10 amps; 
-8 for currents of the order of 10 amps the time resolution limit was 
about 50 microseconds. These limits were due to slow amplifier recovery 
from the membrane capacitive current overload, and the noise. An 
attempt to increase membrane current by increasing membrane area was 
unsuccessful. Membranes with larger area were less stable, and, in 
addition, an increased capacitive component of the amplifier input 
impedance degraded the performance of the amplifier. The diode clipping 
circui t used to limit amplifier gain in the time domain when the 
measured current is dominated by the charging current of the membrane 
had a rather small beneficial effect. Although the amplifier recovery 
time was decreased, the diode capacitance also decreased amplifier 
speed. As a consequence of a poor signal to noise ratio for membrane 
-9 
currents below 5xlO amps it was not possible to obtain reliable data 
for the relaxation amplitude for PCP and 2,4,5-TCP. For PCST, which 
induced greater and slower transient currents than PCP and 2,4, 5-TCP, 
some kinetic studies were possible. However, these studies were limited 
by the short lifetime of PCST-containing membranes. 
It was concluded that detailed membrane kinetic studies on the 
above compounds should be done after substantial improvement of the 
performance of the experimental setup. It is important to have a faster 
and lower noise amplifier and to use a fast data acquisition system 
which would make it possible to perform signal averaging and to collect 
a large amount of data within the timespan of membrane stability. 
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MICROELECTROPHORESIS EXPERIMENTS 
Multilamellar vesicles (Fig. 5) were prepared from lecithin by 
drying a solution of lecithin in "gold label" ethanol in a rotary 
evaporator and then shaking with a solution of buffer and KCl. We found 
it not necessary to use glass beads as mentioned in reference (50). In 
the final solution the concentration of KCl was 0.05 M and the 
phosphate/citrate/borate buffer was at concentration 0.002/0.002/0.0005 
M. The velocities of the vesicles were measured on a commercially 
available (Rank Bros. Bottisham, Cambridge, England) cylindrical cell 
microelectrophoresis apparatus based on the design of Bangham, Flemans, 
Heard and Seaman (51). The conductivity K of the solution was measured 
using a conducti vi ty meter (Markson, Model 10). The electric field E 
e 
in the electrophoretic cell capillary acting on the vesicles was 
determined according to the formula I = K E A , where I is the 
e e c e 
current through the cell which was maintained at 500 + 10 microamps, 
and A is the area of cross section of the cell capillary. The mobility 
c 
Il is given by Il = V /E , where V is the electrophoretic velocity of 
e e e 
the vesicles, which is the velocity imparted to the vesicles by the 
applied electric field. 
ALGAL TOXICITY EXPERIMENTS 
CuI tures of a green alga, Selenastrum capricornutum, were grown 
in standard AAP-EPA medium slightly modified as given in Table I. Stock 
cuI tures were maintained at 25-270C under continuous fluorescent light 
4 (1.09xl0 lux), and kept in uniform suspension by shaking at 40 
cycles/min. The stock cultures were subcultured once in every 3-4 days 
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TABLE I 
MODIFIED STANDARD AAP-EPA MEDIUM FOR ALGAE 
Macronutrients anc their final concentrations in mg/l: 
NaN03 25.500 
K2HP0 4 1.044 
MgCl 2 ·6H2O 12.164 
MgS04 ·7H2O 14.700 
CaC1 2 ·2H2O 4.410 
NaHC0 3 15.000 
Micronutrients and their final concentrations in ~g/1 
H3B03 185.520 
MnC1 2 ·4H2O 415.447 
ZnC1 2 32.709 
CoC1 2 0.780 
cuC1 2 0.009 
Na2Mo04 .2H2O 7.260 
FeC1 3 96.000 
Na 2EDTA.2H2O 300.000 
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while still in the exponential phase of growth to reduce bacterial 
contaminations. Experiments were done with the algal solutions 3-4 days 
after their subculturing. 
Stock solutions of PCP and tris buffer were added to a portion of 
algal cultures and the pH adjusted with water and HCl to obtain in a 
final solution of 1.0 mM concentration of tris and the required 
concentration of PCP. Three scintillation vials were filled with 4.5 ml 
of this solution and 0.5 ml of 0.5 micro Curies/ml NaHc 1403 was added 
to each. The vials were kept on a rotary shaker under fluorescent light 
for two hours after which 0.5 ml of O.lN HCl was added to all vials and 
air passed through them in order to remove all inorganic C140 2 remain-
ing in the solution. R 10 ml of Aquasol-2 solution (purchased from New 
England Nuclear Co.) was then added to all vials and subsequently the 
remaining radioactivity in vials was measured using a Unilux-IIA liquid 
scintillation counter. One vial out of every three portions was kept in 
the dark soon after the addition of This vial used as a 
reference was treated ,similarly as the other vials. The count rate of 
this "dark" vial was subtracted from the "light" vial count rate for 
each data point. This was done in order to correct for any residual 
radioactivity not associated with the fixation of C14 • Quenching correc-
tion was found to be negligible. 
CHAPTER III 
MEMBRANE TRANSPORT MODELS 
INTRODUCTION 
The simplest case of ion transport across membranes can be 
descr ibed in terms of ion adsorption, translocation, and desorption. 
However, biological studies on cells and subcellular organells indicate 
that very often chemical processes at the membrane water interface are 
coupled to the transmembrane translocation of ions and that these 
processes can I imi t the f lux of ions through the membrane. Studies on 
artificial lipid membranes, which are simpler systems in comparison 
wi th biomembranes have also indicated that for certain biologically 
active substances the membrane permeable ions are actually formed at 
the membrane water interface (9,28,30,52,53). It is therefore necessary 
to develop both theoretical and experimental methods that facilitate a 
detai led understanding of processes coupled to charge transfer across 
the membrane. One of the methods is to apply a stepwise electric 
potential difference across the membrane and to follow the time evolu-
tion of the current. The current contains information on the kinetics 
of charge transport. 
In the following sections we present a systematic study of kin-
etic models of membrane transport which are useful in the analysis of 
experimental results. Because one of the objectives was to follow the 
evolution of kinetics from the simplest to more complicated systems, it 
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was considered necessary to incorporate into this study several models 
that have already been described in the literature. These were (a) 
models of transport of lipid soluble ions (42), (b) transport of ions 
facilitated by ion carriers (54), and (c) models applicable to uncoup-
lers of oxidative phosphorylation (30). The objective is to illuminate 
the relationships between the relaxation parameters, the type of trans-
port mechanism, and the kinetic constants. 
The series of kinetic models that will be discussed in this 
section is depicted in Fig. 13.a-h. 
It is assumed that all components of the transport system are 
initially in equilibrium, and that the perturbation is due to an ins tan-
taneous change of transmembrane translocation rate constants, brought 
about by a stepwise electric potential difference applied across the 
membrane. The membrane transport system then undergoes a transition 
towards a new equilibrium state. The objective of the analysis is to 
predict the time evolution of the transmembrane ion flux, and the final 
steady state which the system approaches. 
Model 1 is the simplest model of transmembrane ion transport. It 
is applicable to membrane bound ions and has been developed from the 
studies of redistribution of negatively charged tetraphenylborate and 
dipicrylamine ions in lipid bilayer membranes (42). The model is 
-2 
applicable to the above real membrane systems on time scale up to 10 
-1 
- 10 secs. At longer times the existence of interfacial ion transfer 
invalidates the model. 
Model 2 can be considered as a next step in development of more 
complex models. Model 2 is the model 1 modified by the introduction of 
a surface reaction at the right hand interface. For transmembrane 
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A , 
Figure 13.a. MODEL 1. 
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Figure 13.b. MODEL 2. 
transport driven from left to right the surface process functions as a 
sink. For transmembrane process driven in the opposite direction the 
surface acts as a reservoir for membrane permeable ions. This model has 
been introduced purely for the purpose of study of the effect of a 
simple chemical transformation coupled to the transmembrane trans-
location. 
In model 3 we have added another surface reaction on to the 
opposite side of the membrane so that there are two surface processes 
coupled to transmembrane translocation. Such a system contains both the 
reservoir and the sink of membrane permeable ions. 
Figure 13.c. MODEL 3. 
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Model 4 can be regarded as an extension of model 1 and a special 
case of model 3. In contrast to model 1 the present model can support a 
steady state flow of ions across the membrane. It is very likely that 
it is applicable to the case of transmembrane transport of positively 
charged lipophilic ions such as tetraphenylarsonium and in general to 
cases of simple transport when the diffusion of a component forming the 
membrane permeable ion or the diffusion of the membrane permeable ion 
itself across the unstirred layers in the aqueous phase does not limit 
the flux of ions across the membrane. 
Figure l3.d. MODEL 4. 
Model 5 plays a prominent role in studies of transmembrane trans-
port. It is assumed that in addition to processes acting as a reservoir 
and a sink coupled to transmembrane translocation there is a return 
pathway. This return pathway prevents excessive accumulation of pro-
ducts of transmembrane translocation at the sink side and depletion of 
components required for the formation of membrane permeable ions at the 
reservoir side. Due to this feedback mechanism the system operates in 
cycles and it can sustain a high steady state level of transmembrane 
flux. If the surface processes are associated with specific interfacial 
charge transfer reactions, then this model is applicable to several 
biologically relevant cases, such as ion translocation mediated by some 
antibiotics (52,54) and transmembrane transfer of hydrogen ions by 
uncouplers (30). 
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Figure 13.e. MODEL 5. 
Model 6 represents the application of the general model 5 to a 
special case; action of class I uncouplers in lipid membranes. 
" 
H~' 
+ 
, A" 
k" 
Figure 13.f. MODEL 6. 
The previous models were linear, due to the fact that they are 
described by linear differentinl equations. The following ones belong 
to the category of nonlinear models. 
Model 7 has been proposed to explain the action of class II 
uncouplers in lipid membranes (8,9,28,30). Its nonlinearity originates 
from the reaction of formation of membrane permeable ions at the sur-
face, which are thought to be dimer complexes HA; formed by the combina-
tion of one neutral (HA) and one negatively charged molecular ion (A-) 
(44,45). Its complexity arises from the existence of two coupled loops. 
The biological significance of this model rests in the possibility of 
coupling of transmembrane flow of negatively charged ions, which are 
products of surface processes, to the transfer of hydrogen ions from 
one compartment into another. 
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Figure 13.g. MODEL 7: Dimer model A. 
Model 8 is of special interest to this project because it in-
c ludes an al ternati ve pathway of charge transfer across the membrane 
water interface. In model 7 it was assumed that the charged species 
crossing the boundary is a proton. This assumption implies that the 
anion A-and the neutral molecule HA are favorably oriented at the 
interface so that such a transfer is possible. In contrast, in the 
present model we assume that the proton association and dissociation 
takes place on the aqueous side of the interface, and that the net 
transfer of charge across the membrane is associated with the inter-
facial transfer of HA and A- molecules. 
Figure 13.h. MODEL 8: Dimer model B. 
It is expected that kinetic analysis will provide us with cri-
teria for distinguishing between the alternative models. This study is 
relevant because of the existence of pesticide induced transfer of 
electric charge in lipid membranes. 
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MODEL 1: RELAXATION DUE TO ION REDISTRIBUTION IN MEMBRANES 
We have shown in Chapter I that electrodiffusion of ions in 
membranes and specifically transmembrane ion flux can be given by 
equations of chemical kinetics. In this section we illustrate the 
kinetic concept on the case of simplest type of membrane transport, 
model 1 (Fig. 14). It is described by two coupled differential equations 
(51) 
(52) 
where k' s are the voltage dependent rate constants of transmembrane 
translocation and n' s are the densities of ions per unit area of mem-
brane surface. 
Figure 14. MODEL 1: Ion redistribution in membranes. 
It follows that 
0, (53) 
which means that 
constant (54) 
This is a statement of the fact that total number of membrane bound 
ions is conserved. At initial equilibrium, at time t<0, and at the 
final steady state, the system is in equilibrium, i.e., dnA/dt = 0 and 
dnB/dt = O. The initial distribution of species A and B is 
and 
Initially, when the voltage applied across the membrane is zero, 
k in = in AB kBA = kO· 
Therefore the initial concentrations are 
in 
n 
A 
in 
n 
B 
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(55) 
(56) 
Due to the electric potential difference applied at t.?:.o the trans-
membrane rate constants change according to Eqs. 57 and 58 (Eqs. 13,14). 
kO.exp( eV/2kT). ( 57) 
k O·exp(-eV/2kT). (58) 
The result is the net flow of ions from A to B. The flux of ions across 
the membrane is given by 
j(t) (59) 
The variation of n A with time is obtained by solving Eq. 51 using the 
relation 54. This gives 
(60) 
Integrating this equation between the times t=o and t=t we get nA(t) in 
the form 
(61) 
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where L (62) 
and L = (63) 
and n (..,) is the steady state concentration of A given by the Eq. 55. 
A 
The surface density of ions on the opposite side of the membrane is 
obtained similarly. 
(64) 
where nB(co) is the steady state density of B, and is given by Eq. 56. 
Then the transmembrane flux given by Eq. 59 becomes 
(65) 
where jo is the initial flux equal to 
(66) 
The transport system does not support a steady state flux. The total 
amount of charge Q that crosses the membrane for a given applied 
voltage is obtained by integrating Eq. 65. The result is 
2 
tanh (eV/2kT).NO/2. (67) 
This expression shows that by the application of a sufficiently high 
voltage almost all of the ions adsorbed at one membrane water interface 
can be transferred to the other side. Hence it may be used to study the 
adsorption of such ions on membranes. 
Both the initial membrane flux and the relaxation time constant 
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are voltage dependent. The initial flux increases with the applied 
voltage according to 
and the relaxation time constant decreases according to 
-1 (2ko·cosh(eV/2kT» . 
(68) 
(69) 
It should be noted that due to the existence of reverse flow from B to 
A, (kAB P 0) the relaxation time constant is reduced. In the absence of 
-1 
reverse translocation 't" = kBA whereas with the possibility of return 
-1 flow't" = (kBA + kAB ). Thus it is to be expected that in more compli-
cated transport schemes the relaxation time constant will become smal-
ler due to pathways resulting in return flow, or resulting in regenera-
tion of membrane permeable species on the side of membrane with 
depleted population of membrane permeable ions. 
MODEL 2: TRANSMEMBRANE TRANSLOCATION COUPLED TO 
A SINGLE SURFACE REACTION 
This model has been considered in order to study the effect of 
surface process and its location with respect to the direction of 
transmembrane translocation on characteristics of transient membrane 
flux. The model is shown in Fig. 15. Component C can be either regarded 
as a sink for membrane permeable species, if the transport is driven 
from A to B, or as a reservoir for transport dr i ven in the oppos i te 
direction. 
-==kB::A=, B A.,. 
kAB k . I ~k 
C B~ I BC 
C 
Figure 15. MODEL 2: Transmembrane translocation coupled to a 
single surface reaction. 
The transport model is described by the following set of equations: 
The transmembrane flux is given either by 
for the direction of transport from A to B, (ABC case), or by 
for the net flow direction from B to A, (CBA case). 
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(70 ) 
(71 ) 
(72) 
(73) 
(74) 
The general solution of the system, applicable to both directions 
of flow is of the form 
(75 ) 
We find that the reciprocal of the shorter relaxation time constant tl 
is equal to 
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(76) 
and the reciprocal of the longer relaxation time constant '2 is 
(77 ) 
From these expressions it is obvious that even for simple schemes 
of membi'ane transport one cannot simply identify individual relaxation 
time constants with individual processes. Some insight, however can be 
gained by considering limiting conditions, such as slow and fast 
kinetics of surface reaction. 
(a) Slow Surface Kinetics, kcs + kSC«kSA + kAS • 
In this approximation the reciprocal time constants become 
(78) 
and (79) 
In this case the short relaxation time constant '1 is primarily deter-
mined by the rate constants of transmembrane translocation. The kinetic 
constants of the surface process are contained in a correction term. 
The long relaxation time constant '2 is detE:rmined mainly by the kin-
etic constants of the surface process. In this case the translocation 
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rate constants are present only in a correction term. Because only the 
rate constants of transmembrane translocation are voltage dependent, we 
can in principle differentiate between the two relaxation processes. 
The question of whether the fast or slow component of the relaxation 
process can be measured depends on the magnitudes of the amplitudes j01 
and j02. Favorable conditions for the experimental determinations cor-
respond to '2/'1>2 and j02/jOl~1. In such cases the transition from the 
initial fast relaxation to the slower one can be well resolved. 
The relaxation characteristics of the model for the parameters 
corresponding to conditions of slow surface kinetics are shown in 
Fig. 16, where we plot the voltage dependencies of relaxation time 
constants and flux component amplitudes. The figure shows that the fast 
component dominates the transmembrane flux. This component can be 
associated with transmembrane translocation kinetics, its amplitude 
increases and the relaxation time constant decreases with the applied 
voltage. The slow component of the transmembrane flux, which is due to 
the surface kinetics, is either independent of voltage or only weakly 
voltage dependent. 
The results in Fig. 16 also indicate that the contribution of the 
slow flux component depends on the direction of the net flux. If 
chemical constituent C of transport scheme acts as a sink (ABC case), 
the amplitude of the slow flux diminishes with the applied voltage 
whereas if the constituent C acts as a reservoir (CBA case) the 
amplitude of the slow flux approaches a limit at high applied voltage. 
(b) Fast Surface Kinetics; kCB + kBC»kBA + kAB 
Due to the voltage dependence of transmembrane kinetics the 
ABC case 
In T 
----------~) V 
CBA case 
InT 
~T. 2 
~T 
I 
~--------------~v 
Tin io 
",.---J01 
~j02 
'---------~v 
In j 
o 
,.-----jol 
/' 
~-------------~v 
Figure 16. MODEL 2: SLOW SURFACE REACTION. Variation of the 
time constant and the flux ampl i tude with the voltage for 
model 2 when the surface reaction is slow; in the ABC-case 
the component C acts as a s ink and in the CBA-case the 
component C acts as a source of membrane permeable ions. The 
slow time constant T2 is weakly voltage dependent in both 
cases (Eq. 79). 
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condi tion of fast surface kinetics is valid only at sufficiently low 
voltage where the condition kCB + kBC»kBA + kAB is satisfied. In this 
approximation the reciprocal time constants are equal to 
and 
-1 
T 
1 
(80) 
(81) 
In contrast to slow surface kinetics, we find that the short relaxation 
time constant T1 is primarily determined by the surface process. The 
translocation kinetics represented by the rate constant of transition 
from B to A, is present only in a correction term. For this reason the 
vol tage dependence of T 1 is closely related to the direction of net 
flow. If the surface process acts as a sink (ABC case) kAB decreases 
with the applied voltage and the time constant Tl remains essentially 
vol tage independent. If we consider the surface as a reservoir for 
membrane permeable ions (CBA case), the rate constant kAB increases 
with the applied voltage and the time constant T1 decreases. 
In the case of fast surface kinetics the time constant of slow 
relaxation process is primarily determined by the translocation ki-
netics and is therefore strongly voltage dependent. 
Vol tage dependences of the relaxation time constants and flux 
amplitudes are shown in Fig. 17. Two features of the results are worthy 
of mentioning. First, in the case of fast surface kinetics the transmem-
brane flux is dominated by the slow component, a finding opposite to 
that established for the case of slow surface kinetics. Second, as the 
voltage is increased the transmembrane kinetics become faster and 
therefore above a certain voltage the system under90E:S a transition 
from a fast surface kinetics regime to a slow surface kinetics regime. 
ABC case 
In T In j 
0 
. 
~T2 ~J02 /iOI 
-----T1 
V V 
CBA case 
In T In jo 
~T. 
j02 
2 
....-----~ 
V V 
Figure 17. MODEL 2: FAST SURFACE REACTION. Variation of the 
time constant and the flux amplitude with the voltage for 
model 2 when the surface reaction is fast; in the ABC-case 
the component C acts as a sink and in the CBA-case the 
component C acts as a source of membrane permeable ions. The 
fast time constant T1 is weakly voltage dependent (Eq. 80) in 
contrast to the time constant of the slow process, which is 
strongly voltage dependent. 
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MODEL 3: TRANSMEMBRANE TRANSLOCATION COUPLED TO 
TWO IDENTICAL SURFACE REACTIONS 
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The model studied in this section is shown in Fig. 18. Reaction 
A - B represents ion translocation across the membrane; processes D - A 
and B - C symbolize surface reactions which are coupled to ion trans-
location. These surface reactions are responsible for the generation 
and depletion of membrane permeable ions A and B. 
Figure 18. MODEL 3. Transmembrane translocation coupled to 
two identical surface reactions. 
The model is described by the following set of differential equations. 
(82) 
(83) 
(84) 
(85) 
If we assume that the system is symmetrical then the kinetic constants 
of processes D - A and B - C become identical; i.e. kDA = kCB and kAD = 
kBC • Defining the density desplacements Xa from the inital equilibrium 
by the Eqs. 
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in 
nA nA -xA' 
in 
nS ns - xs ' 
in 
ne ne - xs ' 
in 
nO = nO - xo ' (86) 
it can be shown that due to the symmetry of the kinetic scheme 
x = -x and X =-x ABe 0 
(87) 
at all times. Furthermore, the initial surface concentrations are also 
symmetric 
in in ~ and ne in ~ 
Using symmetry properties the system of Eqs. 82-85 can be reduced to 
two: 
and 
The general solution of this system is of the form 
X 
a 
2 Ea .• exp(-A .• t) + const. ,(a 
. 'la,J 1 a J= 
A,e) 
(88) 
(89) 
(90) 
where const. are the density displacements at the steady state from 
a 
the initial equilibrium densities. a . are the density displacement 
a,J 
amplitudes obtained from the condition of initial equilibrium; i.e. x = 
o at t = 0 • 
We find that the transmembrane flux defined by 
has two components of the form 
j(t) 
where 
and 
NO(kSA-kAS),h2,(hl - kSC ) 
2 (kCS + kSC ),(h 1 - h 2 ) 
NO(kSA-kAS),hl,(kSC - h 2 ), 
2 (kCS + kSC ),(h 1 - h 2 ) 
where NO is the total density of the transport scheme constituents, 
NO = n A + nS + nC + n D, 
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(91) 
(92) 
(93) 
(94) 
The reciprocal relaxation time constants are as follows, For the fast 
process we find 
l/r 1 = hI 
2 2 
, 
+ {(kSA+kAS ) + (kCS+ksC ) + 2(kSA+kAS)(kCS - k sC )} "2] , (95) 
and for the slow process 
l/r 2 h2 
, [kSA + kAS + kcs + kSC = "2 
2 2 , 
- {( kSA + k AD ) + (kCS+kBC) + 2(kBA+kAS)(kCS - k SC )}2] , (96) 
Soth the flux component amplitudes, jOl and j02' and the relaxa-
tion time constants are dependent on the voltage via the voltage de-
pendent translocation rate constants kBA and kAS ' 
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In order to gain some insight into the behavior of this kinetic 
model we discuss separately the case of slow and fast surface kinetics. 
(a) Slow Surface Kinetics, kCB + kBC«kBA + kAB • 
Since at low voltages the transmembrane kinetics are slow, the 
condition of slow surface kinetics may in some instances be valid only 
at sufficiently high voltages. It follows from Eqs. 95 and 96 that in 
this approximation the reciprocal time constant of the fast relaxation 
becomes 
(97) 
and the reciprocal time constant of the slow relaxation becomes 
(98) 
The relaxation time constant of the fast component is primarily 
determined by the kinetic constants of the transmembrane translocation, 
whereas for the time constant of the slow component "Ie find that it is 
dominated by the rate constant of formation of membrane permeable ions. 
It also follows from Eqs. 97 and 98 that the time constant of 
the fast process is strongly voltage dependent, whereas the time 
constant of the slow component is weakly voltage dependent. 
In this approximation the flux component amplitude of the fast 
component is 
(99) 
and that of the slow component is 
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(100) 
where keq 
S 
kBC/kCB is the equilibrium constant of formation of 
membrane permeable ions, and These 
expressions indicate that for the case of fast surface kinetics the 
fast relaxation process dominates the transient flux in the short time 
domain. 
(b) Fast Surface Kinetics, kCB + kBC»kBA + kAB • 
As mentioned before, the condition of fast surface kinetics may 
be val id only at sufficiently low voltages. In this approximation the 
reciprocal time constants are given by the following equations. For the 
fast relaxation 
(101 ) 
and for the slow relaxation 
(102) 
These expressions indicate that in the case of fast surface 
kinetics the fast relaxation process is dominated by the kinetics of 
the surface reaction, whose main feature is that it is voltage inde-
pendent. The slow process can be associated with the redistribution of 
ions across the membrane. The slow relaxation time constant is there-
fore strongly voltage dependent. The corresponding flux amplitudes are 
as follows: 
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Keq kBA + kAB kBA kAB (NO/2) 
s (1 + + - k AB ) j01 = 
+ 1)2 k BC k BC 
k ) (kBA , (Keq kCB + + CB 
s 
(103) 
and 
keq kBA + kAB s 
- k AB )· j02 (N O/2) keq 
(1-
kSC + 
k )(kBA 
+ 1 CB 
(104) 
s 
These results indicate that in the case of fast surface kinetics the 
net flux is dominated by the slow component, but that the amplitude of 
the fast component increases with the applied voltage more rapidly than 
the amplitude of the slow one. This is an interesting feature that can 
be used for kinetic discrimination. It corresponds to the development 
of a fast relaxation component with the applied voltage. At sufficient-
ly high voltage a crossover can be reached (see Fig. 19) above which 
the transmembrane flux becomes dominated by the fast component. The 
crossover corresponds to the transition from the regime of fast surface 
kinetics to that of slow surface kinetics. 
The resul ts also indicate how the voltage dependence of the 
relaxation time constants and flux amplitudes can be h~lpful in dis-
criminating between various kinetic regimes. To illustrate this point 
we plot in Fig. 19 the quantities of interest that were obtained from 
the solution of the model. 
Below we summarize the main features of the present kinetic 
scheme of two identical surface reactions coupled to transmeml'rane 
translocation. 
(a) Case of slow surface kinetics 
1a. The flux amplitude associated with the fast relaxation process 
is greater than the flux amplitude of the slow process. 
InT 
I 
I 
fast I slow 
-'--'-
I 
I 
, 
, 
fa st _,Jow 
interface I interface 
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'fl'lterface : interface 
~------~------~V ~------~------~v 
Figure 19. MODEL 3: Variation of the time constants and the 
flux amplitudes for model 3 with voltage for two kinetic 
regimes. When the interfaclal reaction is fast, the slow 
transient dominates and the fast relaxation time constant is 
voltage independent. When the interfacial reaction is slow, 
the fast transient dominates and the slow time constant and 
the slow flux amplitude are voltage independent. 
2a. The flux amplitude of fast process increases with the applied 
vol tage as sinh(eV/2kT), whereas the flux amplitude of slow 
process remains approximately voltage independent at V>4kT/e. 
3a. The time constant of the fast relaxation process rapidly de-
creases with the voltage applied, whereas the time constant of 
the slow process is approximately voltage independent. 
(b) Case of fast surface kinetics 
lb. The flux amplitude associated with the slow process dominates 
the transient flux. 
2b. The flux amplitude of the fast process increases more rapidly 
with the applied voltage than the amplitude of the slow process. 
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3b. The time constant of the fast process is weakly voltage de-
pendent. 
The above properties of fast surface kinetics hold at low vol-
tages, but as the relaxation amplitude of the fast and slow processes 
become comparable, the time constant of the fast process begins to 
decrease rapidly with the applied voltage. In the voltage range ... Ihere 
the slow component of flux dominates (i.e., at low voltages) the time 
constant of the slow process is strongly voltage sensitive, but the 
rate of decrease diminishes at high applied voltages. This change in 
vol tage dependence corresponds to transition from the regime of fast 
surface kinetics to the regime of slow surface kinetics. 
MODEL 4: TRANSMEMBRANE TRANSLOCATION COUPLED TO 
TWO INTERFACIAL TRANSFER REACTIONS 
The transport scheme discussed in this section is depicted in 
Fig. 20. It is in certain aspects similar to the previous model. 
Model 4 consists of four elementary reaction steps symmetrically coup-
led to the tl~ans;nembrane translocation of ions. It differs from model 3 
in the assumption of the form of the reactions coupled to the transmem-
brane translocation. Transformation A - B can be regarded again as ion 
translocation across the membrane, and the reactions C - A and B - C 
are assumed to represent charge transfer across the membrane water 
interface. Due to the presence of these interfacial charge transfer 
processes this scheme predicts existence of a steady state flow. For 
the purpose of greater simplicity, it is assumed that the bulk concen-
tration of species C(=cC) is constant. 
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C <:CAI, A ;:,====:=B::A=, B~ C 
AC AB Rc 
Figure 20. MODEL 4: Transmembrane translocation coupled to 
two interfacial transfer reactions. 
The rates of change of surface densities of species A and B are given 
by the differential equations 
(105) 
and (106) 
Therefore, it follows that the general solution has the following form 
nA(t) 
(107) 
where nA and n B are steady state concentrations of A and B. This shows 
that the transmembrane flux, in contrast to the previous model, has 
three components 
j (t) (108) 
where (109) 
is the steady state flux across the membrane. 
Due to the simplicity of the model the mathematics is very 
transparent, so that this model can be used to illustrate the concept 
"of, kinetic limitation of membrane transport and the manifestation of 
the presence of kinetic limitation in the voltage dependence of steady 
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state flux and in the transient characteristics. 
The density amplitudes a Aj and a Sj ' and the reciprocal relaxa-
tion time constants A. can be obtained in the usual manner from the 
J 
following two Eqs. 
o , (110 ) 
o , (111 ) 
in in 
and two initial densities n A and nS 
It is important to note that the reciprocal relaxation time 
constants, obtained by solving the characteristic Eq. 
det 
o (112 ) 
do not contain kinetic constants kAC and ksC. Thus the relaxation time 
constants are insensitive to the kinetic parameters of transfer from 
the aqueous medium into the membrane. This is because the concentration 
of species C, which is present in the aqueous phase, does not change 
with time. 
As the next step we examine the properties of the steady state 
flux. It can be obtained by equating Eqs. 105 and 106 to zero and using 
definition 109. 
kAC ksC 
-k --k 
j kCA SA kCS AS (113 ) = c C• kSA kAS 1 + 
kCA 
+ --
kCS 
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This expression contains group of terms pertinent to the left and right 
membrane surfaces. If due to sufficiently high applied voltage the 
terms containing kAB can be made insignificant, (see Eqs. 120) it be-
comes obvious that the limiting values of 
k 
. h AC k . f k « k elt er C c -k-- BA 1 BA CA' or CA 
the flux from A to B is 
the flow is limited by the transformation A - B, i.e. by translocation 
across the membrane. This means that under such circumstances the mem-
brane potential energy barrier limits the flux of ions across the mem-
brane. In the latter case, i.e. when 3 = cCkAC ' the transmembrane flux 
is limited by the slow charge transfer across the membrane water inter-
face. 
In the following sections we illustrate the remaining features 
of this model by presenting a complete analysis of this kinetic scheme 
for the case of symmetric system. 
A Subcase of Symmetric Transport Scheme 
It will be assumed that the kinetic rate constants of inter-
facial processes are symmetric, i.e. kAC = kBC 
k t. In this case the characteristic equation yields two roots. For 
ou 
the fast component of the transient flux we find that the reciprocal 
relaxation time constant is given by 
l/r = A 1 1 
and for the slow process, 
(1l4 ) 
(1l5 ) 
However, due to the symmetry of the transport scheme the ampl i tudes 
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associated with the slow process a A2 and a B2 become equal to zero. 
Thus, the symmetric transport system has only a single transient and a 
steady state component 
jet) (116 ) 
The amplitude of the transient flux and the steady state flux are close-
ly related to each other, 
( 117) 
and 
j 
kin kBA - kAB 
kout Cc 1 + (kBA + kAB)!kout 
(118 ) 
Their ratio is 
j01 kBA + kAB . 
= 
j k out 
(119 ) 
This expression shows that the transient current becomes significant, 
as compared to the steady state, only if the transmembrane transport 
becomes limited by the slow interfacial kinetics, i.e., (kAB + 
The voltage dependence of translocation rate constants are 
given by (Eqs. 13,14) 
kO exp(eV!2kT) , (120) 
and kO exp(-eV!2kT). 
Then the ratio of the flux components becomes 
2kO 
= ~ cosh(eV/2kT) 
out 
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(121 ) 
Eq. 121 indicates that the kinetic limitation is more readily detec-
table at higher applied voltages. 
The experimental results of steady state measurements are con-
veniently analyzed if presented in terms of normalized membrane conduc-
tance G (V)/G (0), 
co co 
where G (0) = 
co 
As 
follows from the model, the normalized membrane conductance is equal to 
G (V) 
co 2k 2ko (--'!:) (1 + -k ) 
eV 
out 1 + 
sinh(eV/2kT) 
2k 
o cosh(eV/2kT) 
k 
out 
(122) 
The experimental results of transient membrane flux measure-
ments are usually given in terms of the relaxation amplitude defined as 
0. 
j (t=O) - j 
j 
and the relaxation time constant 1 • 
Since j(t=O) =j01 + j (see Eq. 116) 
0. = 
2kO 
k cosh(eV/2kT) 
out 
and the relaxation time constant is 
l=[k {1+ 
out 
2k -1 
o ~cosh(eV/2kT)} ] 
out 
(123 ) 
(124) 
It is therefore natural to define a kinetic limitation parameter, EO' 
in the following way 
E 
o 
2kO 
k 
out 
(125) 
Now we describe the properties of the model in the limiting 
cases of slow and fast surface kinetics 
(a) Slow Interfacial Kinetics, EO»1 
In this approximation, the steady state flux is given by 
J = k. Cc tanh(eV/2kT). 
~n 
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(126) 
One of the typical characteristics of steady state membrane flux 
limi ted by the kinetics of interfacial process is that it reaches 
saturation at higher appl ied voltages, and, second, its magnitude is 
limited by the rate of entry of species C into the membrane. 
The normalized membrane conductance becomes 
G (V) 
CD 
GfOT 
CD 
tanh(eV/2kT) 
(eV/2kT) (127) 
The relaxation amplitude and the relaxation time constant become 
Cl 
and 't 
E cosh(eV/2kT), 
o 
2.kO cosh(eV/2kT). 
(128) 
(129) 
The relaxation amplitude and the time constant extrapolated to zero 
voltage yield directly the value of kinetic limitation parameter E and 
o 
the translocation rate constant kO. 
(b) Fast Interfacial Kinetics E «1 
o 
The steady state flux in this case is determined by the equili-
brium density of membrane permeable species and their translocation 
rate constant. It is equal to 
j (k. /k t) Cc kO sinh(eV/2kT). 
~n ou (130) 
Both the steady state flux and the normalized membrane conductance 
rapidly increase with the applied voltage due to the decrease of the 
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height of membrane potential energy barrier. 
sinh(eV!2kT) • 
~V!2kT) (131 ) 
As follows from Eq. 123 the relaxation amplitude is expected to be 
negligibly small, so that the transient component is not detectable. 
In Figs. 21, 22, and 23 we have shown the voltage dependencies 
of the normal ized membrane conductance, relaxation amplitude, and re-
laxation time constant. These quanti ties of experimental interest have 
been computed for various values of kinetic limitation parameter EO. 
G(V) 
G(O) slnh(eV/2kT) 
(eV/2kT) 
increasing 
Eo 
~----------------------~v 
Figure 21. MODEL 4. Variation of the normalized membrane 
conductance with the voltage for various values of the ki-
netic limitation parameter E (Eq. 132). 
a 
t 
~O~ ______________________ ~V 
Figure 22. MODEL 4. Variation of the relaxation amplitude 
with the voltage for various values of the kinetic limitation 
parameter E (Eq. 123). 
l' 
I 
T 
k tU+ E) 
ou J, 
~----------------------~V 
Figure 23. MODEL 4. Variation of the relaxation time constant 
with the voltage for various values of the kinetic limitation 
parameter E (Eq. 124). 
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The normal ized steady state membrane conductance expressed in 
terms of the kinetic limitation parameter EO reads 
G (V) 
sinh(eV/2kT) 
(eV/2kT) 
1 + E 
o 
1 + Eocosh(eV/2kT) (132) 
The same type of dependence of the normalized conductance on parameter 
EO has been predicted by more complicated models (see Eqs. 237 and 
312). This observation has an important practical application. As the 
Fig. 21 shows, a deviation from the sinh(eV/2kT)/(eV/2kT) dependence of 
the normalized membrane conductance can be considered as an indication 
of existence of kinetic limitations. 
MODEL 5: GENERAL SCHEME FOR SIMPLE CARRIER MECHANISMS 
The model to be discussed in this section (Fig. 24) is a 
conceptual prototype of several membrane transport models. It has 
played an important role in the development of understanding of ion 
transport in lipid membranes because the model was found in reasonable 
agreement with the experimental results on carrier mediated ion trans-
port driven by an applied electric field (52). 
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Figure 24. MODEL 5: General scheme for simple carrier mechanism. 
Transformations D - A and S - C represent generalized reactions 
that can be associated with transfer of charge across the membrane 
water interfaces. Transformation A - S represents transfer of ions 
across the membrane, and the transformation C - D can be considered to 
be a feedback process which completes the transport cycle. Due to the 
presence of the feedback process this scheme can support steady state 
flux. The model is described by the following set of equations: 
dnA/dt 
-(kSA+kDA)nA +kASnS + kADnD (133) 
dns/dt kSAnA - (kAS+kcs)ns + kscnC (134 ) 
dnc/dt kCSns - (ksc + koc)nc + kCDnD (l35 ) 
dnD/dt kDAnA + kDCnC - (kAD + kCD)nD• (136) 
As in many other cases of membrane transport models, the densi-
ties of components are not independent of each other because 
ldn /dt = 0, so the above system of equations can be reduced to three 
C1 C1 
by eliminating one of the variables using the conservation equation 
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(137) 
In this general case the solution for the net flux of ions consists of 
three transient and one steady state component. 
Since most of membrane transport kinetic studies has been done 
on symmetric membranes, and also for the sake of greater mathematical 
simplicity, we will consider further only cases with symmetrical inter-
faces, 1. e. ksC k AD , kCB = kDA , and with the rate constants of the 
transformation C - D equal to each other, 
System at Steady State 
The steady state densities n 
ex 
i.e. 
are obtained by equating any 
three of the Eqs. 133 - 136 to zero and using Eq. 137. The steady state 
flux is given by 
j (138) 
and is equal to 
j (139) 
if the charge transfer across the membrane core is the only field 
driven process, and the voltage dependence of kSA and kAB is given by 
Eqs. 120, then the voltage dependence of the steady state flux is given 
by a rather simple expression 
j (V) 
k BC ko sinh(eV/2kT) 
NO kCS + kBC 1 + EO cosh(eV/2kT) 
(140) 
The quantity Eo is equal to 
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(141) 
and it can be used as a composite measure of kinetic limitations. When 
Eo «1, J(V) becomes equal to the initial flux jo(V), and as the 
magnitude of the kinetic limitation parameter EO increases the steady 
state flux decreases. It will be shown later that displacement of 
densities of membrane permeable ions from their equilibrium values is 
proportional to Eo' It is convenient to express EO as a sum of two terms 
where 
and 
2k /k B ' o C 
(142 ) 
(143 ) 
(144) 
E1 is the kinetic limitation parameter associated with charge transfer 
process across the interface, and E2 is pertinent to the characteri-
zation of the feedback pathway. 
The normalized steady state membrane conductance G (Vl/G (0) is 
CD CD 
a suitable function for the evaluation of kinetic limitations from the 
steady state current-voltage data. It follows from Eq. 140 that 
G (V)/G (0) 
CD CD 
sinh(eV/2kT) 
(eV/2kT) 
(1 + E ) 
o 
1 + EOcosh(eV/2kT) (145 ) 
The effect of the magnitude of the kinetic limitation parameter EO on 
the voltage dependence of normal ized membrane conducti vi ty is il.lus-
trated in Fig. 25. 
Transient Process 
To determine the transient flux across the membrane we define 
the density displacements x in the usual manner 
a 
where 
G(V) 
l 
G(O) 
sinh(eV/2kT) 
(eV/2kT) 
increasing 
Eo 
~--------------------------------~V 
Figure 25. MODEL 5. Effect of the magnitude of the kinetic 
limitation parameter EO on the normalized membrane conduc-
tance curves (Eq. 145). 
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n 
in 
n + x , (a = A,B,C,O) (146) 
a 
in 
n 
a 
a a 
are the initial equilibrium densities. Because the present 
model is linear and symmetric, it can be shown that x A = -xB and Xc 
Xo at all times. Using these properties it is possible to reduce the 
system of four differential Eqs. 133 - 136 to the following two, 
This system has a solution of the form 
x 
a i 
2 I: a .exp(-A.t) 
1a1. 1. 
+ x 
a 
(a B, C) , 
(147) 
(148) 
(149) 
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where x are the differences between the final steady state and the 
el 
ini tial equilibrium densities, and a . are the density displacement 
ell 
amplitudes. The reciprocal relaxation time constants A. 
1 
are obtained 
from the characteristic equation 
det 
(
A - (kBA+kAB+kCB) 
kCB 
The roots of the characteristic equation are 
A1 
-1 
a + b 
'1 , 
and A2 
-1 
'2 = a - b , 
where a t(kBA + kAB + kCB + kBC + 2kS ) , 
and b = t{(kBA + kAB + kCB - kBC 
_ 2k )2 
5 
o 
, 
+ 4kCBkBC} "2 . 
The ratio of the dEnsity displacement amplitudes is given by 
kSA + kAB + keB - Ai 
kBC 
L. 
1 
a Bi and a Ci are obtained from the initial equilibrium conditions, 
in 
~ 
These are 
L2 (OB 
in) 
ns - (Oc - in) nC 
-
a A1 , L2 - L1 
(Oc in) L1 (nS in) - nC - n B 
-
a A2 . L - Ll 2 
(150) 
(151) 
(152) 
(153) 
(154) 
(155) 
(156 ) 
(157) 
(158 ) 
(159) 
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The total flux is given by 
jet) (160) 
It is equal to 
2 2 jet) kSA . I: 1 a A· exp (- A . t) -k S I: as' exp (-A. t) + k n k n 1= 1 1 A i=1 1 1 BA A- AS S 
2 
(kSA + kAS ) i;1 aAiexp(-Ait) + j (161) 
In the experimental . studies the transient fluxes are usually measured 
with respect to the steady state flux, 
(162 ) 
where ra1 and ra 2 are the relaxation amplitudes of the fast and slow 
components. These are equal to 
ra. 
1 
(163) 
The relative contribution of the slow and fast component of the 
transient flux can be estimated from the ratio 
(n
c 
in) L
1
(nS in) ra2 a A2 - nC - nS 
= 
ra1 a A1 L2 (nS in) (nc in) - nS - - nC 
(164) 
(a) Charge Translocation Across the Membrane as a Kinetically Slow 
Process 
The transient component of the total ion flux is absent if the 
displacement amplitudes a Ai = a Si = 0, which occurs if the densities of 
species A and S are not displaced from their equilibrium values. We 
will show that the kinetic limitation parameter EO' introduced earlier, 
is a measure of such displacement. The equilibrium density of species B 
is equal to 
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(165) 
The density displacement of species B at steady state is 
= 
kBC (2ks + kBC)(kBA + Y. AB ) 
kBC + kCB 2kSkCB + (2kS + kBC)(kBA + kAB ) 
(166) 
The relative density displacement of species B from equilibrium is then 
given by 
EOsinh(eV/2kT) 
(167) 
1 + Eocosh(eV/2kT) 
which can also be shown to be equal to the relative density displace-
ment of species A. Similarly, for species C and D we find 
in 
nD nD E2sinh(eV/2kT) 
in 
n D 1 + EOcosh(eV/2kT) 
(168) 
Thus the transient flux is insignificant and the relative displacements 
of species are insignificant as well, when the kinetic limitation para-
meter EO is sufficiently small. Under these conditions the flux through 
the membrane is determined solely by the membrane potential energy 
barrier. The mutual relationship between displacements is depicted in 
Fig. 26. Due to the assumed symmetry of the transport system, the 
density displacements of pairs A,B, and C,D, are equal and opposite. 
(b) Fast Return Pathway 
The expression 168 shows that even in the presence of a 
significant kinetic limitation (EO~1) it is possible to have the 
species C and D to remain close. to the initial equilibrium densities 
- - - - -~- -n~ In = nB = 30 
-~- - ---~ 
~ 
Figure 26. MODEL 5. Relationship between the relative dis-
placements of the density of the s~ecies A, S, C, and 0 from 
the initial equilibrium values (n n) to final steady state 
(n) after the appl ication of a potential di fference across 
the membrane. Due to the assumed symmetry of the transport 
system, the density displacements of pairs A,B and C,D are 
equal and opposite. 
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provided that E2«1. This occurs when the rate of the return pathway 
C-D is sufficiently fast. Furthermore, the densities of species C and 0 
will be less displaced from the equilibrium if the equilibrium of the 
surface reaction is shifted towards C rather than B. 
We have seen that the general solution of the present model 
yields two components of transient flux. Approximate expressions for 
the relaxation time constants can be obtained by expanding the square 
root in Eqs. 151 and 152 into a power series. The rec iprocal time 
constants of the fast and the slow processes become 
(169) 
and (170) 
The relaxation time constant of the fast component of the transient 
flux is primarily determined by the rate constant of the return pathway 
kS and is therefore independent of the voltage applied. The relaxation 
time constant of the slow component can also be obtained using the 
assumption that at sufficiently long times the density displacements Xc 
and Xo are zero. Then the system of Eqs. 147-148 reduces to the 
following equation. 
(171 ) 
Solution of this equation yields a relaxation time T2 given by Eq. 170. 
The voltage dependent part of the time constant provides information on 
the rate constant of the ion translocation across the membrane and the 
vol tage independent part provides information on the rate constant of 
conversion of membrane permeable ions into components C and 0 whose 
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translocation across the membrane is voltage independent. 
The relative contribution of the fast and the slow component to 
the total flux can be estimated from the Eq. 164. Since ILll~1 
-2k Ik 1»1 S BC the ratio of the relaxation amplitudes 
ra2/ra l »1, so that the slow component of the flux dominates. 
(c) Fast Surface Reactions 
We assume that KS and kBA + kAB are small compared to kCB and 
kBC and that the rate constant of ion translocation is comparable to 
the rate constant of return pathway. In this case E1«1, so that EO~E2. 
Approximate expressions for the reciprocal relaxation times could be 
obtained as before by expanding the square root in Eq. 154 into a power 
series and neglecting the second and higher order terms. Then for the 
fast process we find that 
and for the slow process 
-1 
t2 
(172 ) 
(173) 
The time constant of the fast process is primarily determined by the 
kinetic constants of the surface reaction and it contains correction 
terms whose ma.gni tude depends on whether the equilibrium at the surface 
is shifted towards the formation of membrane permeable ions or not. 
Eq. 173 indicates how the kinetics of the surface reaction influence 
the time constant of the slow component of ion flux. If the equilibrium 
of the surface reaction is shifted towards the formation of membrane 
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permeable ions, the relative contribution of the ion translocation 
kinetics is greater. Voltage dependence of the slow relaxation time 
constant should indicate the influence of the equilibrium constant of 
the surface reaction. The time constant of the slow process could also 
be obtained froIn the fact that at sufficiently long time after the 
application of a voltage step the surface reaction is close to equi-
librium, so that the time evolution of the membrane transport system 
corresponds to 
(174) 
This equation states that the rates of change of relative displacement 
of species Band C from the equilibrium are the same. We find again 
that ra 2/ra1»1 so that the slow process dominates the transient flux. 
Figs. 27 - 29 illustrate the voltage dependence of the relaxa-
tion time constants and the relaxation amplitudes of membrane ion flux 
obtained from a general solution of the model without approximations. 
Fig. 27 shows the case for fast return pathway when the displacement of 
species A and B is due to the limiting rate of the transformation B -
C. Fig. 28 corresponds to the case of fast surface process where the 
decrease in transmembrane ion flux is due to the slow return pathway. 
In both cases the time constant of the fast transient is essentially 
vol tage independent because the fast relaxation process is due to the 
redistribution of densities of components along the voltage independent 
routes. The relaxation process is dominated by the slow component whose 
time constant is strongly voltage dependent. These figures also point 
to the difficulties of analysis of experimental results when the fast 
re laxati on process cannot be ei ther resolved or measured wi th suffi-
In T In a 
------~ 
~--------------v ~---------------v 
Figure 27. MODEL 5. SLOW SURF ACE REACTION. Variation of the 
relaxation characteristics with the voltage for model 5 when 
the surface reaction is slow and the rate of backflow is fast 
(kQ=l, kS=165, kSC=66, kCs=20). 
'InT In a 
-------T1 
~---------------v ~--------------v 
Figure 28. MODEL 5. FAST SURFACE REACTION. Variation of the 
relaxation characteristics with the voltage for model 5 when 
the surface reaction is fast and the rate of backflow is slow 
(kO=l, kS=33.3, kSC=167, kCS=50). 
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cient accuracy. In this case one cannot determine whether the membrane 
transport is kinetically limited by the slow surface kinetics or by the 
return pathway. It is therefore necessary to have experimental control 
over the rate constants of surface process and of return pathway. Such 
a control can be accomplished in some cases by changing the composition 
of the aqueous medium, varying the structure of the membrane water 
interface region, and varying the membrane thickness (55-57). 
Under favorable conditions it is possible to observe transi-
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tions from one kinetic regime into another. Such a transition is 
related to the interchange of dominating relaxation ampl i tudes. One 
such example is shown in Fig. 29. At low voltages the transient flux is 
In T In a 
L-________ ~I.------V 
Vero •• 
~------~~----V Vcroll 
Figure 29. MODEL 5. Illustration of the transition from one 
kinetic regime to another with the applied voltage. In this 
example the rate constants were set as follows: kO=l, kS=165, kSC=20.2, kCB=6.06. Below V the relaxation amplitude is dominated by the slow prog~~g; whereas at V>V it is 
. cross dom1nated by the fast process. 
dominated by the slow component, whereas at high voltage the fast 
component dominates. The interchange occurs when ra 2 = ra1 , and as 
follows from Eq. 164, it corresponds to 
(175) 
In the case chosen for illustration the rate constants were such that 
tion is due to the slow kinetics of transformation B - C. Thus, at low 
voltages the fast component of the transient flux is mainly due to the 
redistribution of densities of species C and D along the return 
pathway. The slow component of transient flux, which is the dominating 
one, corresponds to redistribution along the translocation and surface 
transformation pathway. Above the transition point the rate constant of 
ion translocation in forward direction kBA becomes the largest one due 
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to the applied voltage, and the ion translocation in forward direction 
becomes the fastest process. Also, above the transition voltage the 
fast component of the transient flux dominates. The voltage range 
within which such interchange takes place depends on the ratio kCB/kO' 
kBC/kCB and ks/kO• If kS>ko>(kSC,kCB) the transition is sharper. Simi-
lar change of the kinetic regime (not shown) occurs for El <E 2 . In this 
particular case the transformations A - D and B - C are relatively fast 
ones, so that at low voltage the surface reactions rapidly reach near 
equilibrium state, and the dominating limitation is associated with the 
redistribution along the slow ion translocation and return pathways. At 
high voltages, above the transition point, the ion translocation in the 
forward direction becomes the fastest process and the transient flux 
also becomes dominated by the fast component. 
MODEL 6: CLASS I UNCOUPLERS 
One of the applications of the general scheme of carrier 
mechanism is to the charge transport in lipid membranes induced by 
uncouplers of oxidative phosphorylation. For uncouplers of class I the 
charge flux in membrane is proportional to the concentration of uncoup-
ler molecules and it can be therefore assumed that the kinetic scheme 
consists of a sequence of linear elementary processes. If, in addition, 
the uncoupl~r partitions very strongly into the membrane, it can be 
assumed that over a short time interval the adsorption and desorption 
rates are limited by the diffusion in the aqueous medium and therefore 
are rather small. Hence the distribution of uncoupler is primarily 
determined by the kinetics of intramembrane transport initiated by the 
applied voltage, and not by the above mentioned adsorption-desorption 
processes. 
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The kinetic scheme to be discussed is presented in Fig. 30. The 
charged membrane permeable species is the anion A-, which also acts as 
a carrier of hydrogen ions in the membrane. This feature is considered 
to be essential for the ability of these molecules to dissipate the 
differences of concentration of hydrogen ions and of electric potential 
across energy transducing membranes. Due to the externally applied 
electric field the anions A- are driven across the membrane by electro-
diffusion, which in the presence of a kinetic limitation results in the 
buildup of anions A- at the positively biased side of the membrane and 
simultaneously in the depletion of A- at the negative side. 
HA 
kS lo H~' 
..... 
kol 
kS 
H+ H+ 
k' + Ii. ~ A" , 
k" 
Figure 30. MODEL 6. Kinetic scheme for class I uncouplers. 
In view of the general kinetic scheme of carrier transport the new 
kinetic constants are defined in the following way, 
(176 ) 
where a H is the proton activity and 
( 177) 
The reduced hydrogeniofi concentration is 
h = a /K = 1 OPK a -pH , 
H a 
where K is the dissociation constant of the uncoupler given by 
a 
Properties of Steady State Flux 
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(178) 
(179) 
At steady state flux of ions A- across the membrane is also equal 
to the backward flux of neutral molecules HA. It is given by 
j (V) 
NO kOsinh(eV/2kT) 
l+h {I + 2kO/kRaH + kDkO/kRkSaH} cosh(eV/2kT) (180) 
It follows that the kinetic limitation parameter Eo consists of two 
terms 
(181) 
The kinetic parameter E1 given by 
(182) 
is associated with the kinetics of interfacial hydrogen ion transfer. 
E1 becomes large at high pH indicating that the buildup and depletion 
of A- at the opposite sides of the membrane are due to the slow rate of 
interfacial hydrogen ion transfer. The kinetic limitation parameter E2 
given by 
(183) 
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is a measure of relative displacement of the density of neutral 
molecules HA from the initial equilibrium. The magnitude of E2 in-
creases with the pH. At low hydrogen ion concentration in the aqueous 
medium the density of HA is small compared with that of A- so that the 
ability of return pathway to support a high initial flux becomes 
limited. 
The zero voltage conductivity G(O), which is obtained as a 
limit of G(V) as V tends to zero, is equal to 
G(O) (184) 
The conductivity is pH dependent and has a maximum value at pH PHgmax 
given by 
pHgmax (185) 
This equation indicates that the position of conducti vi ty maximum on 
the pH scale depends on the magnitude of rate constants for the inter-
fac ial and return pathways. Thus, when the kinetics of these pathways 
is fast compared to the transmembrane charge translocation, i.e. 
kO (2/kO + 1/kS)< 1, the conductivity maximum occurs at a pH exceeding 
pK • On the other hand, when the charge transport across the membrane 
a 
becomes limited either by the interface or return pathway kinetics, the 
conductivity maximum occurs at a pH smaller than pK • In the absence of 
a 
knowledge of NO the kinetic limitation parameter EO can be determined 
from the voltage dependence of the normal ized membrane conducti vi ty 
G(V)/G(O) given by 
G(V) 
G(O) 
sinh(eV/2kT) 
(eV/2kT) 
(186) 
1 + Eocosh(eV/2kT) 
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Transient Flux Parameters 
Since it is not possible to distinguish between the two types 
of kinetic I imi tations neither from the voltage dependence of nor-
mal i zed membrane conductance, nor-- fr'om the pH value of conducti vi ty 
maximum, we explore now the possibility to use the voltage and pH 
dependencies of relaxation time constants and relaxation amplitudes for 
the purpose of determination of the slowest process. It follows from 
the above description that the total relaxation amplitude will increase 
with the pH for the simple reason that the kinetic limitations increase 
wi th the pH. The relaxation time constants are given by Eqs. 151-154 
after substituting the new interfacial rate constants for ksC and kcs. 
Fast Return Pathway 
If the rate constant of translocation of neutral molecules HA 
is greater than the rate constant of interfacial release of hydrogen 
ions (Le., k »k ), S D When the system is displaced from 
equilibrium by the applied voltage, the current decays with time-due to 
(a) the depletion of A- on the negatively biased membrane side, caused 
by slow rate of dissociation of HA, and (b) due to accumulation of A 
at the positively biased surface, caused by slow rate of association of 
A- with hydrog~n ion. At high pH the density of HA is small compared to 
that of A- so that at the negative side of the membrane the rate of 
release of hydrogen ions cannot keep up with the rate of translocation 
of A- towards the positively biased side. Also on the positively biased 
surface the rate of influx of A- is greater than the rate of conversion 
into the neutral form due to low concentration of hydrogen ions. Thus, 
at high pH the flux is further reduced from the initial flux. The time 
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constant of the fast process is given by 
Since this relaxation time constant is mainly determined by the rate 
constant of the return pathway, it is both pH and voltage independent. 
The computer analysis of the model showed that the relaxation amplitude 
of the fast process is small unless the A translocation rate constant 
becomes (due to the appl ied voltage) comparable with kS' and unless 
pH<pK . 
a 
The time constant of the slow component is given by 
(188) 
At high pH the time constant t2 is more voltage dependent than at low 
pH. It is to be expected that at high pH the relaxation characteristics 
of uncouplers of class I should resemble those of membrane permeable 
anion tetraphenylborate. Several of the characteristic features of the 
model for fast return kinetics are ill us trated in Fig. 31 which shows 
the voltage and pH dependencies of the relaxation time constants and 
amplitudes computed from the general model without approximations. 
Fast Interface Kinetics 
In this case kO>ks' so that E2>E1 and the main relaxation 
process is associated with the displacement of densities of neutral 
molecules from their equilibrium values, which in turn also results in 
the accumulation of A-on the posi ti ve membrane surface and in the 
depletion of A- on the negative surface. The time constant of fast 
In T In a 
pH = pK 
a, 
~---------~v ~------------~v 
InT In a 
aV/2kT = 2 aV/2kT = 
--------- -r; 
pH-pK 
o -I 
Figure 31. MODEL 6. FAST RETURN FLOW. Variation of the time 
constant and the relaxation amplitude with the voltage 
(pH=pK) and the pH (eV /2kT=2), for model 6 when the rate of 
return flow of HA is fast. The fast time constant T is 
independent of the voltage and the pH (Eq. 187). The relaxa-
tion amplitude of the slow transient process increases with 
the pH. 
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relaxation component is approximately equal to 
(189) 
whose value is dominated by the kinetic constants of interfacial 
hydrogen ion transfer. The terms containing the ion translocation rate 
constant, kO' and that of return pathway, kS' are of secondary impor-
tance. The main feature of the fast relaxation time constant is that it 
increases with the increase of pH. 
For slow relaxation component we obtain 
2kO 2kSh -1 
'2 = [-;- cosh(eV!2kT) +~] , (190) 
which indicates again that at high pH the relaxation time constant of 
slow component becomes strongly voltage dependent. Under this condition 
its value reflects the time constant of ion translocation across the 
membrane, a situation similar to that observed for negatively charged 
lipophilic ions (Eq. 69). At low pH the time constant reflects the 
contribution of return pathway kinetics. 
For comparison we have shown in Fig. 32 the voltage and the pH 
dependencies of relaxation parameters computed from the general model 
for the same set of rate constants as in Fig. 31, except that the 
values of kS and kD have been interchanged. These results illustrate 
the effect of fast surface kinetics and the features discussed above. 
CLASS II UNCOUPLERS: INTRODUCTION 
Characteristic feature of action of class II uncouplers in 
lipid membranes is that the induced membrane conductance increases with 
the square of the uncoupler concentration. The experimental results 
In T pH = pI< Ina pH = pI< 
------Ta 
~------~v ~---------~v 
In T In a 
.V/2kT = 2 .V/2kT = 2 
T2 a 2 
T 
I ~al 
pH-pK pH - pI< 
-I 0 -I 0 
Figure 32. MODEL 6. FAST INTERFACIAL REACTION. Variation of 
the time constant and the relaxation amplitude with the 
voltage (pH=pK) and the pH (eV/2kT=2), for model 6 when the 
rate of interfacial reaction is fast. 
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were found to be cC!lsistent w: th t~le hyp--:'cl:1esis that charged membrane 
permeable species is a dimer complex, which is a product of combination 
of one neutral and one ionized uncoupler molecule. In earl ier studies 
(8,28,30) it was shown that dimer complexes cannot be supplied by any 
formation process taking place in the bulk aqueous medium, because the 
measured membrane conductance is far greater than that associated with 
the diffusion of ions in aqueous medium. There is a good experimental 
evidence indicating that the charge flux in the aqueous medium is 
carried by hydrogen ions and the electrolyte (28). 
Our objective in this section is to consider two kinetic models 
that appear to be relevant to our experimental results. The models 
differ by the nature of charge transfer across the membrane water inter-
face. In the first model the charge flow is maintained by hydrogen 
ions; in the second model, by uncoupler anions. Justification for these 
rather detailed theoretical studies is that the first model was found 
to be consistent with the results of earlier steady state studies on 
pentachlorophenol induced membrane conductance (28). The second model 
represents an attempt to interpret experimental results obtained with 
pentachlorobenzenethiol, a toxic substance whose molecular structure 
differs from that of pentachlorophenol only by replacement of oxygen by 
sulfur. 
MODEL 7: DIMER MODEL A 
Description of the Model 
The kinetic scheme of membrane transport is shown in Fig. 33. 
The uncoupler acts like a weak acid and so is represented by HA. The 
charge is assumed to be carried across the membrane by the dimer HA; 
H~' 102 
101+ 
~' + 
I~ 
> H~' 2 
l'p 
H~ 
'aJ 2 < 
H~ 
< H~' 
kS 
Figure 33. MODEL 7. Transport scheme for the dimer model A. 
formed by the association of HA and A species adsorbed at the membrane 
surface. The charge is assumed to be carried across the membrane water 
interface by the protons. The neutral HA molecules but not the anions 
A are assumed to be membrane permeable. 
Consider that the right hand side of membrane is positively 
biased. Then the net movement of all components constituting the 
kinetic scheme is as follows. Dimers are formed at the left hand 
surface by the combination of HA and A- species and diffuse across the 
membrane by the externally applied electric field. On the right hand 
side of the membrane the dimers dissociate to produce molecules of HA 
and A- ions. The excess HA molecules formed tend to diffuse back to the 
left hand side of the membrane. Excess A- anions on the right hand side 
combine with protons from the right aqueous phase to form HA molecules 
which again contribute to back diffusion to the left hand side of the 
membrane. The HA molecules that arrive at the left hand surface dis-
sociate with the release of protons to the left aqueous phase and form 
A anions. These anions combine with neutral HA molecules to form 
dimers HA; and complete the cycle. During one cycle a proton is 
transported across the membrane. 
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The model is characterized by the following set of six differen-
tial equations: 
dnA,/dt kDnHA , - kRaHnA, + kSnHA' - kanA,nHA , (191) 2 
dnA"/dt kDnHA" - kRaHnA" + kSnHA" - kanA"nHA" (192) 2 , 
dnHA,/dt kRaHnA, - kDnHA , + kSnHA' - kanA,nHA , + jHA (193) 2 
dnHA"/dt kRaHnA, - konHA" + kSnHA" - kanA"nHA " - jHA (194) 2 
dnHA,/dt kanA' n HA, kSnHA' -j (195) 2 2 
dnHA"/dt kanA"nHA " - kSnHA" + j (196) 2 2 
where the charge flux j and the return flux of neutral molecules jHA 
are given by 
j 
and 
k'nHA , 2 
k"nHA" 2 
( 197) 
(198) 
From the inspection of the above system of equations it follows that 
indicating that the densities of species A', HA', HA;, A", HA", and HA~ 
are not independent of each other, so that one of the differential 
equations can be replaced by the conservation equation 
(199) 
where NO is the total density of uncoupler in all forms on both sides 
of the membrane. 
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The objective of solving the above system of equations is to 
determine the ion flux across the membrane j as a function of total 
density of uncoupler adsorbed at the membrane NO' hydrogen ion activity 
a H, and electric potential difference V applied across the membrane. 
Steady State Properties 
The steady state distribution of densities of species A , HA, 
and HA; are obtained by setting the time derivatives in Eqs. 191-196 to 
zero. The system of algebraic equations thus obtained can be further 
reduced to the following system: 
JHA/2 kSnHA" kanHA"nA" (200) 2 
-:- /2 kanHA,nA, kSnHA' (201) J HA 2 
JHA/2 kRnA"aH - konHA" (202) 
JHA/2 konHA' kRnA,aH (203) 
JHA/2 j (204) 
and Eq. 199 which remains in the original form. 
Oue to nonl ineari ties, a consequence of the existence of dimer 
complexes, the system does not have an analytical solution in a closed 
form. For the first time it has been possible to obtain approximate 
analytical solution of this model for steady state using the following 
approach. 
The system consists of linear and nonlinear equations. The 
linear part in matrix form reads 
{K} {O} {C} , (205) 
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where {K} is the matrix of kinetic coefficients for the first order 
processes, given by 
{k}= 
-k /2 5 
-k /2 5 
1 1 
o 
o 
(206) 
o o 
1 1 
and {D} is a one dimensional vector of steady state densities given by 
nHA , 
{ D} 
nHA " 
nA, 
nAil 
and the vecor constant {C} is equal to 
o 
{C} 0 
j 
No-2(nHA , + nHAII ) 2 2 
The solution of set of Eqs. 205 is as 
* nHA , -°1 j + °2 NO 
* 
nHA " °1 j + °2 NO , 
* n A, -°3 j + °4 NO 
( 207) 
(208) 
follows: 
(209) 
(210) 
(211 ) 
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* 
nAil ° j + ° NO 3 4 (212) 
where 
°1 IlkS , 
(213) 
1 
°2 2(1 + I/h) , (214) 
1 (l- 2:) 
°3 h + kS kO 
(215) 
1 
°4 2(1 + h) (216) 
... 
NO NO -2(nHA , + n HAII ) 2 2 
(217) 
2 
and h a H/(kO/kR) (218) 
The steady state solution indicates that the displacement of densities 
of the constituents of the transport system is symmetric, with the 
exception of dimer complexes. 
The nonlinear part of the system of equations can be combined 
to obtain 
j I(k'+k")/k i3 (219) 
The steady state flux is obtained from the following two equations: 
2 k 1 , 
..l:) (k' a 
- k")] j [k" hk (--= + k ko 13 s s 
k N 
-HI (k' . 1 a _1_(l- ~)[.-Q (nHA , + n HAII )]}] + + k"){- + + k kl3 l+h ko kS 2 2 2 13 
k (k' k") - 2 a (N - (nHA , + n HAII » 0 + k h h)2 0 13 (1 + 2 2 
(220) 
and 
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2 k N /2 k -:-2 1 ~) a 0 2-S: _J_ 2-(--) h + (- + 
ka 1+h ka hkS kS ko (221) nHA , + nHA " k 2 2 1 + 2-S: h (N - (nHA , + nHA,,» ka (1 2 0 + h) 2 2 
A considerably simpler expression can be obtained if it is assumed that 
the density of dimer complexes is small compared to the total density 
of other constituents. Then, instead of Eq. 199, the conservation 
equation is 
(222) 
and the flux j can be obtained from the quadratic equation given below 
o (223) 
Kinetic Limitations 
If the densities of constituents do not deviate from the initial 
equilibrium values when a potential difference is applied across the 
membrane, then there are no kinetic limitations. If such deviations do 
occur, then the externally driven flux decreases with time because 
density gradients of constituents are set up that oppose the net 
forward flux. From the inspection of the kinetic scheme (Fig. 33) 
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follows that:, for example, i.f the right side of mernhrane is positively 
biased, there is a net influx of dimer complexes, which results in the 
buildup of HA and A on that side. Similarly there is a depletion of 
consti tuents at the negatively biased surface. In the following sec-
tions we define the conditions under which different kinds of kinetic 
limitations develop. 
In order to define expressions for the kinetic limitation parame-
ters we make the simplifying assumption that 
k' + k" + kS 
k 
a 
k' + k" 1 
+ (-(1 + h) ko 
(224) 
Under this condition the physically meaningful root of Eq. 223 for the 
flux is given by 
h (k' k")(N 12)2 
-
( 1 + h)2 a j (225) k' + k" + ks k' + k" (~ ~) NO + + 2 k 1 + h ko kS a 
Slow Return Pathway 
The kinetic limitation occurring due to the slow backflow of HA 
molecules can be related to the changes in the density of HA on either 
side of the membrane. These changes are symmetric and at steady state 
are given by 
k N k 
. (ev) 
-in in ~ ---.£ 0 smh 2kT 
nHA " - n HA nHA - n HA , kS l+h K 
in in 5 (226) k N k k k n HA nHA 1 2 [~ 0/2 (2 0 ~) + ~] eV + 
- + COSh(2kT) k l+h kS kO kS S 
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The kinetic limi"i:;atioil parameter ;::1' which is associated with the slow 
backflow of HA molecules, is defined as the voltage independent part of 
the numerator of Eq. 226. 
2k 
a (227) 
Therefore, the greater the El , the greater the deviation of density of 
neutral molecules HA from the equilibrium value. Eq. 227 indicates that 
the kinetic limitation is increased (1) by the slow rate of backflow of 
neutral HA molecules (kS compared to kO)' (2) by the increase of the 
total density of uncoupler at the membrane surfaces NO' (3) by the 
increase of the magnitude of the dimer formation constant ka/kS' and 
(4) by the increase of pH of the solution. 
Slow Interfacial Process 
The steady state changes of the density of the anions from 
equilibrium are given by 
k k k N 
. eV ~(~ ~) 0 in in + -- swh( 2kT) 
nAil - n A nA - n A, kS kS kO l+h 
in in k N k k 
nA n A 1 2 [~ 0/2 (2~ + ~) + kS l+h kS kO 
The voltage independent part of the numerator is 
L 
N k 
o a 
l+h + k 
s 
.( 228) 
k 
+ ~] eV Cosh(2kT) kS 
(229) 
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The expression indicates that the displacement of anions from the 
ini tial equilibrium results from the slow backflow of HA molecules 
(term containing kS )' as well as from the slow interfacial reaction 
(term containing k
o
). Hence the kinetic limitation parameter E2 for the 
slow interfacial process may be defined as 
(230) 
It indicates that the kinetic limitation is increased (1) by the 
slow interfacial l:eaction (k
o 
small compared to ko)' (2) by the in-
crease of the total density of uncoupler No' (3) by the increase of the 
magni tude of the dimer formation 
crease of pH of the solution. 
Slow Oimerization Process 
constant k /k , and 
a S 
( 4) by the in-
Since the formation of dimers is a process of second order, the 
posi tively and negatively biased surfaces of the membrane are con-
sidered separately. For the positively biased surface the relative 
displacement of dimer density from equilibrium is 
k NO 2kO k 2kO 
-
in a 
.-£) ) sinh(eV/2kT) n " - nHA (- + + HA2 kS I + h kS kO ka 2 
in = k NO 2kO kO 2kO nHA 
a ) cosh(eV/2kT) 1 + 1+h ( -- + ko + ka 2 ka kS 
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(231) 
and for the negatively biased surface it is 
k N 2k k 2k in [~ 0 (~ ~) kO]sinh(~~T) n HA - n HA , + + kS l+h kS kO 2 2 13 
in k N 21< k 2k V 
nHA a 0 0 0 o e 1 + [k
S 
l+h (- + -)+ T]cosh(ill) 2 kS kO S 
(232) 
Eqs. 231 and 232 indicate the asymmetry in the displacement of dimer 
density from the equilibrium; the magnitude of the displacement being 
greater at the positively biased side compared to the opposite side. 
The average relative displacement of dimer density, taking into account 
both surfaces, has been used in arriving at the net kinetic limitation 
parameter EO. 
(233) 
In view of the above result, the remaining term 2kO/kS may be defined 
as the kinetic limitation parameter of the dimerization process; 
(234) 
It follows that the net kinetic limitation parameter EO has a rather 
simple physical meaning. It is the sum of kinetic limitation parameters 
along the pathways leading to the formation and decomposition of 
membrane permeable ions. 
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(235) 
In contrast to E3 , the kinetic limitation parameters in the return and 
interfacial pathways E1 and E2 are dependent upon the pH and the total 
density of uncoupler adsorbed at the membrane surfaces, NO' 
When the kinetic limitation due to slow backflow of HA mole-
cules is large (i.e. E1~1), it can be distinguished from the other two 
types of kinetic I imi tations by the voltage dependence of the normal-
ized membrane conductivity; 
G(V) 
G(O) 
[1 + E1cosh(eV/2kT) - (1 + 2E1cosh(eV/2kT) + E~)}]2(l + E1 ) 
(eV/2kT)E~ sinh(eV/2kT) 
(236 ) 
For the other two types of kinetic limitations the normalized conduc-
tivity is given by 
G(V) 
G(O) 
sinh(eV/2kT) 
(eV/2kT) 
1 + E (237) 1 + E cosh(eV/2kT) 
where E = E2 when the flux is limited by slow interfacial reaction, and 
E = E3 when the flux is limited by slow dimerization process. For small 
values of El (i.e. E1«1) the normalized membrane conductivity coin-
cides with Eq. 237. The kinetic limitation due to slow dimerization 
process can be distinguished from that due to slow interfacial reaction 
by the property that it is independent of the pH and the uncoupler 
concentration. Therefore if anyone type of kinetic limitation is 
present to a large extent then it can in principle be identified from 
the pH and concentration dependence of the normalized membrane conduc-
tivity curves. 
113 
pH of tr.e Conductivity Maximum 
The zero voltage conductivity obtained as a limit of G(V) when 
V approaches zero is given by 
G(O) h (238) 
The pH corresponding to the maximum conducti vi ty can be obtained from 
the equation 
dEldh 
(1+EO) (1-h) 
h(l+h) (239) 
It follows that if there are no kinetic limitations or if the membrane 
flux is limited only by the slow dimerization process, then the conduc-
ti vi ty maximum occurs at pH equal to the pK of the uncoupler. For 
a 
other two types of kinetic limitations the pH at which the conductivity 
maximum occurs is given by 
k kO 
PHgmax pK - t log 10 (1 + .lL -:;; NO) a k k (240) 
s 
* (241) where 11k l/kO + 2/kS . 
Since the first and the second terms in the above equation are propor-
tional to the kinetic limitation parameters E2 and El respectively, 
each term dominates for the corresponding type of kinetic limitation. 
In the presence of these kinetic limitations the pH is shifted to a gmax 
value lower than the pK of the uncoupler. This shift results from the 
a 
increase of kinetic limitations at high pH and the consequent decrease 
of the steady state conductivity from the initial conductivity. 
Properties of Transient Flux 
Since the differential equations describing the model are non-
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1 inear there is no general analytical solution. Hence the predictions 
of the model can be obtained only from integrating the set of differen-
tial Eqs. 191-196, using numerical methods. Several algorithms have 
been tested, out of which two were found usable. 
1. Fourth order Runge-Kutta method was found to be sufficiently 
accurate but time consuming, especially in cases when some of the reac-
tions were fast and others slow. The reason is that the integration step 
in such cases has to be sufficiently small in order that the method 
does not diverge at longer times. 
2. Lawrence Livermore Laboratory package called Episode was 
installed on Laboratory PDP 11/03 minicomputer and its performance was 
found satisfactory. The main advantage of this program is that its 
algori thm optimizes the integration step so that the solution takes 
less time. 
Al though numerical solution is necessary for the general case it 
is possible to derive expressions for the relaxation amplitude using 
approximate solution for the steady state current at various kinetic 
limitations. 
For slow backflow of HA species the relaxation amplitude is 
approximately equal to 
a = 
a == 
provided 
E1 sinh 2 (eV/2kT) 
2{cosh(eV/2kT) _ 1} - 1 , 
E1 
~ {cosh(eV/2kT) + 1} - 1, 
E »1 
1 and V does not tend 
(242) 
(243) 
to zero. At high vol tc.'ges a is 
Proportional to sinh(eV/2kT) and tanh(eV/2kT). The former is due to the 
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membrane potential energy barrier and the latter corresponds to satura-
tion effect due to insufficient backflow of HA. 
For all other types of kinetic limitations 
a = E,cosh(eV/2kT) , 
~ 
(244) 
where E, represents the kinetic limitation parameter. The voltage de-
~ 
pendence of a is stronger at high kinetic limitations. The following 
description of the properties of the transient flux obtained by the 
numer ical methods is in agreement with the predictions based on the 
above expressions for a. 
It was found that under all conditions the relaxation amplitude 
increased and the relaxation time constant decreased with the increase 
of applied voltage across the membrane. Typical curves are shown in 
Fig. 34. When the flux is limited by slow dimerization the transients 
observed were fast and their characteristics were almost independent of 
the pH and the concentration. Therefore in the following we describe 
the pH and the concentration dependencies of the characteristics of the 
transient flux when it is limited by the slow backflow of HA molecules 
and slow interfacial reaction. 
These characteristics were obtained from numerical solution at 
small voltages by fitting the current decay at long times, when the 
current approached steady state, to a single exponential. These values 
were then extrapolated to zero voltage to get the zero voltage tran-
sient characteristics. Similar procedure is used to analyze experimen-
tal results. 
In all cases the value of kO' the transmembrane ion transloca-
tion rate constant for zero voltage, was normal ized to unity. The 
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Figure 34. Typical curves showing the decrease of time con-
stant t and the increase of relaxation am.P:3'-i tude ex wi th !~e 
voltage2 V. (pH=pK, NO=l, kO=l, k S=.25x10 , kD=kA=.25x10 , k =lx10 , k =.1). a ex 
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equilibrium constant kD/kR of monomers was set to one, and the equi-
librium constant ka/ka of dimers HA; was fixed at 103 such that the 
dimer density nHA; = (ka/ka)nHAnA' remained small. 
Fig. 35 shows the variations of the zero voltage relaxation 
ampli tude a (0) and the zero voltage time constant 1" (0) with pH. The 
relaxation amplitude increases with pH for pH<pK and attains a steady 
a 
value at pH>pK for both types of kinetic limitations. The time constant 
a 
increases with pH for kinetic limitation due to slow proton dissocia-
tion and association and when the flux is limited by slow backflow of 
HA molecules. 
Fig. 36 shows the variations of the zero voltage relaxation 
ampli tude a (0) and the zero voltage time constant 1" (0) with concentra-
tion. The concentration was changed between .25 and 2. Under both types 
of kinetic limitations the relaxation amplitude increased and the time 
constant decreased with increasing concentration. Fig. 37 shows that 
the relaxation amplitude is in fact proportional to the concentration. 
MODEL 8: DIMER MODEL B 
Description of the Model 
For the dimer model A discussed in the preceding section it was 
assumed that the anion A- adsorbed at the membrane is oriented at the 
membrane interface in such a way so that it can readi ly pick up a 
hydrogen ion from the aqueous phase and be converted into a HA molecule 
in a single step. It was similarly implied that the HA molecule is 
favorably oriented at the membrane interface so that it releases a 
proton directly into the aqueous phase and becomes an anion A-. 
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Figure 35. Variation of the zero voltage time constant t (0), 
and the zero voltage relaxation amplitude a (0) with the pH, 
when the rate 1 imi ting step is either the backflow of un-
coupler (circles), or the proton association dissociation 
reaction (triangles). The relaxation amplitude rapidly in-
creases at pH<pK and saturates at pH>pK (Eqs. 243,244). 
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Figure 36. Increase of the zero voltage relaxation amplitude 
a(O) and decrease of the zero voltage time constant, (0) with 
the uncoupler concentration NO' when the rate limiting step 
is either the backflow of uncouplers (circles), or proton 
association dissociation reaction (triangles). (pH=pK+l). 
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Figure 37. Gr-aph showing that the relaxation amplitude is 
proportional to the uncoupler concentration NO (Eq. 244) 
(pH=pK+l), for both the kinetic limitation due to slow kinet-
ics of proton association-dissociation (triangles), and due 
to slow rate of backflow of HA molecules (circles). 
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The model considered in this section is appl icable to cases 
when the molecule involved in the hydrogen ion transfer across the 
interface is either not properly oriented or it is adsorbed at such a 
depth so that the rates of direct release and direct association of 
hydrogen ions are small compared to the rates of desorption of HA and 
A- species. 
The model is depicted in Fig. 38. The model differs from the 
previous one in that it is assumed that the association of hydrogen ion 
with A- ion and dissociation of HA molecule takes place in the aqueous 
phase. 
H~ 
kHA 
Ht\ 
kS 
H p},' ~ I kHA HA' mo :. 2m 
-.;:--
H+~l k ~H+ s 
A A 
A' 
kom t\ A' kmo A' 
ka 1 }~ + 
HA2 
k' 
. HA2 
kal 
~ t~ 
kS 
H~ ::.. HA' < 
kS 
Figure 38. Model 8: Transport scheme for the dimer model B. 
As in the previous model the charge carrying species is assumed 
to be the dimer HA2 formed by the reaction HA + A - = HA 2 • Only the 
neutral HA molecule but not the anion A-is assumed to be membrane 
permeable. The distinctive feature of this model is that the charge is 
carried across the membrane interface by the anions A-. In the aqueous 
phase the char·ge f::'o;.; is maintained by protons and buffer ions. 
Assuming that the right hand side is posi ti vely biased the charge 
transport process consists of the following steps. A dimer formed at 
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the left hand interface by the combination of HA and A species 
adsorbed to the interface is driven across the membrane by the exter-
nally applied field. On the right interface the dimer dissociates with 
the release of an anion A- and a HA molecule. The HA molecule diffuses 
back across the membrane while the anion moves into the right hand 
aqueous phase. In the aqueous phase the anion combines with a proton to 
produce a HA molecule which then adsorbs at the right hand membrane 
interface and then diffuses back across the membrane. The HA molecule 
then desorbs into the left hand aqueous phase and dissociates to 
release a hydrogen ion and produces an anion A-. Oue to depletion of A 
at the left membrane surface the anion moves back into the left hand 
membrane surface where it can combine with a HA molecule to form the 
membrane permeable dimer HA2 , and the cycle is completed. Ouring one 
transport cycle a proton is moved from the right hand aqueous phase to 
the left hand aqueous phase. 
The model is characterized by the following set of ten differen-
tial equations: 
d 
dt nA,(t) = ka nHA , 
m 2 
d 
nA,,(t) dt 
m 
a 
nA, (x,t) at 
a 
A 
+ k n A, am 
a 
A A 
+ {k nA, - k nA,(o,t)}o(x) , ma am 
m a 
A k nA, ma 
m 
2 
= konHA,,(x,t)-kRnA,,(x,t).aH + OA ~nA' (x,t) 
a a ax a 
(245) 
(246) 
(247) 
(248) 
d crt n HA , (t) 
m 
d 
dtnHA,,(t) 
m 
a 
atnHA,(t) 
a 
~--.nHA ' ( t ) 
dt 2 
d 
dtnHA,,(t) 
2 
where 
= 
= 
j 
kHAn HA 
-jHA + kmanHA" + k n HA" ko.nHA"nA" am HA" 
a m 8 2 m m 
kRn A' (x, t ) • aH kDnHA , (x , t ) 
HA a 2 
+ D -2- n HA ' (x , t ) 
a a ax a 
HA 
- kern n HA" (0, t ) } 0 (x-d) , 
a 
k' n HA , - k"nHA " , 2 2 
and jHA = ks(nHA" - n HA ,) , 
m m 
and 0 (x) = 1 when x 0, and 0 ( x) = 0 when x I:- O. 
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(249) 
(250) 
(251) 
(252) 
(253) 
(254) 
(255) 
(256) 
x = 0 corresponds to the left hand membrane surface and x = d corre-
sponds to the right hand suface. Eqs. 247,248,251 and 252 contain 
second partial derivatives of aqueous concentrations n A and nHA with 
a a 
respect to the position; these terms represent the diffusion of these 
species in the aqueous phase. It is assumed that the effect of the 
double layer potential, due to adsorbed charges at the membrane, on the 
aqueous concentration of anions adjacent to the membrane is negligible. 
The above set of differential equations is difficult to solve 
even by numerical methods. One assumption that greatly simplifies the 
solution is that the rate of diffusion of A and HA species in the 
a a 
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aqueous phase is negligible compared to the rate of proton association 
and dissociation. With this assumption the aqueous concentrations of HA 
and A become lndependent of the distance and the terms containing the 
second partial derivatives can be neglected. In order to convert volume 
concentrations of membrane transport components into surface densities 
the aqueous volume concentrations were multiplied by a distance y. y is 
e~uivalent to the "l-eaction layer thickness" and it is defined in the 
appendix. The simplified set of differential equations is given below. 
d 
dtnA' 
m 
d 
dtnA" 
m 
d 
Y dtnA' 
a 
d 
Y dtnA" 
a 
d 
dtllHA" 
m 
d 
Y dtnHA' 
a 
d y dtllHA" 
d 
'dtnHA' 
2 
a 
kSnHA' - kanA,nHA , k
A A 
+ YnA' kmanA' am 2 m m a m 
kanA"nHA" 
A A 
kSnHA" + kamynA" k nAil rna 2 m m 
kDynHA , kRynA,aH + 
a a 
kDynHA" kRynA" aH + 
a a 
a 
A 
kmanA' 
m 
A 
kmanAII 
m 
m 
A 
kamynA, 
a 
A 
kamynA" , 
a 
k nHA,nA, a m m 
-jHA + HA HA kamynHA " kmanHA" + k nHA" k nHA"nA" S 2 a m m 
HA 
kmanHA' 
m 
HA 
kmanHA" 
m 
a 
kHA ynHA , am 
HA 
kamynHAII 
k n HA , S 2 
a 
a 
m 
+ kRynA,aH kDynHA , 
a a 
+ kRynA"aH - kDynHA" 
a 
j 
(257) 
(258) 
(259) 
(260) 
(261) 
(262) 
(263) 
(264) 
(265) 
.k ex n HA" n A" 
m m 
where j and jHA are given by Eqs. 255 and 256. 
Steady State Properties 
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(266) 
The steady state properties of the transport model can be 
obtained by equating the rate equations to zero. Since the set of ten 
equations obtained is not linearly independent, we replace the tenth 
equation by the statement of the conservation of mass. 
n A' + n A" + yn A' + yn A" + nHA , 
m m a a m 
+ n HA" 
m 
+ ynHA , + ynHA " + 2(nHA , + nHAII ) 
a a 2 2 
N 
0, 
(267) 
where NO is the surface density of the uncoupler in all forms on both 
sides of the membrane. The system of equations can be simplified as 
follows. 
, 
jHA k
A A -
"2 ynA' k nA, (268) am rna 
a m 
, 
jHA k
A A 
"2 c nA" kamynA" (269) rna 
m a 
, 
jHA 
HA - kHA 
"2 = kamynHA' nHA , (270) rna 
a m 
, 
jHA kHA 
HA -
"2 rna n HA" kamynHA" , (271 ) 
m a 
, 
jHA kRynA, a - kDynHA , (272 ) "2 H 
a a 
, 
jHA kDynHA" kRynA"aH (273) "2 
a a 
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1 jHA kenHA' - \y'nHA,nA, (274) 2 2 m m 
1 jHA kanHA"nA" kenHA" (275) 2 
m m 2 
1 jHA j (276 ) 2 
and Eq. 267, which remains in the original form. 
This system of equations does not have an analytical solution in 
a closed form because it is nonlinear. An approximate solution has been 
found using the following approach. The system of equations can be 
divided into a linear and a nonlinear part. The linear part, written in 
matrix form, is 
{K} {O} {C} , (277) 
where {K} is the matrix of the kinetic coefficients for the first order 
processes and is given by 
{ K} 
-k /2 kS/2 k
A A 0 0 0 0 -yk 5 ma am 
-k /2 5 kS/2 0 0 0 
_kA 0 
ma 
-(kS/2 
+ kHA) k S/2 
kHA 0 0 0 0 0 
ma y ma (278 ) 
-k /2 5 
(k /2 + kHA) 
5 ma 0 
kHA 
-y ma 0 0 0 0 
-k /2 5 kS/2 -yk 0 0 0 0 ykRaH 0 
-k /2 5 kS/2 0 yko 0 0 0 -ykRaH 
-k /2 5 kS/2 0 0 0 0 0 0 
1 1 y y 1 1 y y 
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{o} is a one dimensional vector of steady state densities: 
{o} nHA , 
(279) 
a 
nHA" 
a 
nA, 
m 
nAil 
m 
nA, 
a 
nAil 
a 
and the vector constant {C} is equal to 
0 
0 (280) 
{C} = 0 
0 
0 
0 
j 
N - 2(nHA , + nHAII ) 0 2 2 
Solution of this system for the membrane bound components is as follows; 
nHA , * (281) _0 j + 
°2 NO m 1 
* (282) 
nHA " °1 j + °2 No 
m 
* (283) nA, -°3 j + ° NO , 4 
m 
* (284) nAil °3 j + ° N 4 0 
m 
* 2(nHA , + n HAII ) where No NO (285) 2 2 
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(286 ) 
kHA kHA kA 
H (1+ ~) ma 1 (1 + ~»)-1 O2 + kHA h kHA kA 
(287) 
am am ma 
1 k
A 
(_1_ 
kHA 
am ma 1 
_1_) 0
3 kA 
+ 
kA 
+ -- + 
h kHA kHA h kS kRaH ma ma am am 
(288) 
kA kA kHA 
0 H (1 + ~) + h ma (1 + ~)]-1 4 
kA kA kHA 
am am ma 
(289) 
and where h 
kRaH -(pH-pK ) 
ko 
10 a . (290) 
The nonlinear part of the system of equations can be combined to get 
j ka k' +k" (k' n A, nHA , - k" nAil nHA") - j (--k-) kS m m m m S 
Solution of the system is greatly simplified if it is assumed that the 
densi ty of dimer complexes is small compared to the total density of 
the other constituents. 
i . e . 2 ( n HA , + n HA II ) < < NO· 2 2 
(291) 
Then the steady state flux is given by the solution of the quadratic 
equation 
k +k'+k" 
+ Sk ) + 0 a (k'_k ll )N 2 =0 • 
a 2 4 0 
(292) 
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Kinetic Limitations 
Kinetic limitations are manifested by the development of densi-
ty gradients, which oppose the forward flux and cause the steady state 
flux to be smaller than the initial flux. Assuming that the right hand 
side of the membrane is positively biased with respect to the left hand 
side, the resultant flux wi 11 cause a bui Idup of membrane transpol't 
consti tuents on the right hand side and their depletion on the left 
hand side. In the following we define the conditions under which differ-
ent kinetic limitations develop. 
In order to define expressions for the kinetic limitation 
parameters we make the simplifying assumption that 
~HA , [( __ m • nln xA Am m ~A m + -x HA m in n HA )(k'+k") m 
where in in xA nA" n A n A nA, 
m m m m m 
in in 
xHA n HA" - n HA n HA - nHA , and 
m m m m m 
so that the steady state flux is given by 
j (0 0 + 1 4 
o 0 ( k ' -k" ) N 2 240 
o 0 '(k'+k")N + 
2 3' 0 k +k'+k" S 
(293) 
(294) 
(295) 
(296 ) 
The kinetic limitation occurring due to the slow backflow of HA 
molecules can be related to the changes of density of the membrane 
bound HA on either side of the membrane. These changes are symmetric 
and are given by 
no 
in in 
n HA " nHA n HA - nHA , j 
m m m m C\ 
in in 
°2 N nHA n HA 0 
m m 
01042k sinh(e2v )N o kT 0 ( 297) 
We define the kinetic limitation parameter E1 , corresponding to slow 
backflow of HA, as the voltage independent part of the numerator of 
Eq. 297. 
(298) 
The steady state displacements of densities of membrane bound 
anions A- from the equilibrium are symmetric and are given by 
m 
in 
nAil - n A 
m m 
in 
n A 
m 
The voltage independent part of the numerator is 
k k in a 2~ k ° L 2- k ° a N = 3 n HA kS o 2 3 0 kS 0 m 
in in in in 
k 
n HA n A 
n A kHA n A 
2~ [---El + m m ~~]. k -- + -- + 
kS 0 kA kHA kS 
kHA k 
rna rna rna 0 
(299) 
(300) 
This expression shows that the density displacements of membrane bound 
anions from equilibrium are caused by the following processes: 
(1) slow backflow of HA molecules (the term containing kS )' 
(2) slow hydrogen ion association-dissociation (the term containing kO)' 
(3) slow interfacial transfer of A A (the term containing k ), 
rna 
(4) slow interfacial transfer of HA (the second term). 
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Thus the kinetic limitation parameters contained in the expression 300 
are defined as follows. 
For the slow rate of hydrogen ion association-dissociation, 
(301) 
For the slow rate of interfacial transfer of anions, 
(302) 
For the slow interfacial transfer of HA molecules, 
(303) 
The kinetic limitation parameter for the slow backflow of HA molecules 
(third term in Eq. 300) is already defined by Eq. 298. 
Since the formation of dimers is a process of second order, the 
relative displacement of dimer density from equilibrium is different at 
either side of the membrane. For the positively biased side of the 
membrane, 
in 
nHA " - n HA EoSinh(~~T) 
°1°3 ..,.2 2 2 
_J_ +--in eV 
°2°4 2 n HA 1 + EoCosh(2kT) N (304) 2 0 
k k in k kHA k in k k in 
where E 4 ~ 0 n A 2 a am 0 n a 0 n HA + A + 2 0 
kS kS 
m 
kS 
kHA 
kO 
m kA m 
rna kS rna 
k k 
+2...J! 0 
k kHA 
6 rna 
k 
+ 2..2. 
k 
6 
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(305) 
For the negatively biased side of the membrane the relative displace-
ment of the dimer density from equilibrium is 
in Eosinh(~~T) 2 nHA - nHA , 
°1°3 i.. 2 2 
= in eV 
°2°4 N2 n HA 1 + E cosh(--) o 2kT 0 2 
(306) 
The steady state displacement of dimers from equilibrium is greater at 
the positively biased side than the negatively biased side. The average 
relative displacement of dimer density, taking into account both sur-
faces, has been used in arriving at the total kinetic limitation 
parameter EO; this is given by Eq. 305. In this expression one can 
identify the kinetic limitation parameters E1 , E2 , E 4 and E5 defined 
previously. The remaining term could therefore be identified as the 
kinetic limitation parameter for the dimerization process; 
(307) 
It follows that the net kinetic limitation parameter EO has a rather 
simple physical meaning. It is the sum of kinetic limitation parameters 
along the pathways leading to the formation and decomposition of 
membrane permeable ions. 
(308) 
In contrast to E3 , the other kinetic limitation parameters are depen-
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dent upon the pH and the total density of uncoupler- NO' The initial 
in in densities n A and n HA are given by 
m m 
When the kinetic limitation due to slow backflow of HA mole-
cules is lar-ge (i.e. E1» 1), it can be recognized from the voltage 
dependence of the nor-malized membr-ane conductivity; 
G(V) 
G(O) 
[1 + eV eV) 2 1-Elcosh(2'k'T) - (1 + 2Elcosh(2'k'T + E1 )2)2(1+El ) • 
eV 2. eV 
(2kT)E l slnh(2kT) 
(311 ) 
For- all the other types of kinetic I imi tations the normal ized conduc-
tivity is 
G(V) 
G(O) 
sinh(eV/2kT) 
(eV/2kT) 
1 + E (312) 1 + E.cosh(eV/2kT) 
wher-e E is given by the corr-esponding expr-ession for- each type of 
kinetic limitation (Eqs. 301-303, 307). For- small values of El (El«l), 
the nor-malized membrane conducti vi ty coincides with that pr-edicted for 
other types of kinetic limitation (Eq. 312). 
Some kinetic limitations can be r-ecognized by the pH and concen-
tration dependence of G(V)/G(O). For- example, the kinetic limitation 
due to slow dimerization can be identified by the fact that it is 
nei ther- pH nor- concentration dependent. The kinetic limitations due to 
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slow proton association- dissociation and that due to slow interfacial 
transfer of HA, increase with increasing pH and increasing uncoupler 
concentration, and for this reason, they cannot be distinguished from 
each other. In contrast, the kinetic limitation due to slow interfacial 
transfer of A- can be identified by the pH dependence of G(V)/G(O), 
because the kinetic limitation parameter E4 decreases with the pH. 
Table II shows the dependence of various types of kinetic limita-
tions in dimer models A and B on aqueous pH and uncoupler concentration. 
pH of the Conductivity Maximum 
The zero voltage conducti vi ty obtained as a 1 imi t of G (V) when 
V approaches zero is given by 
G(O) 
1 + E 
o 
(313) 
where EO represents the net kinetic limitation parameter. The pH corres-
ponding to the maximum conductivity can be obtained from the equation 
where 
dE 
dh 
B 
(1 + E )(B - h) , 
o 
h(B + h) (314) 
(315) 
It follows that if there are no kinetic limitations or if the membrane 
flux is limited only by the slow dimerization process, then the conduc-
tivity maximum occurs at a pH = pH given by gmax 
pH = pK
a 
- 10910B • gmax (316) 
The model predicts that it is possible to have the conductivity maximum 
at a pH different from the pK of the uncoupler even in the absence of 
a 
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TABLE II 
DEPENDENCE OF VARIOUS TYPES OF KINETIC LIMITATIONS IN DIMER 
MODELS A AND B ON AQUEOUS pH AND UNCOUPLER CONCENTRATION 
Applicable 
to 
dimer models 
A and B 
dimer models 
A and B 
dimer models 
A and B 
dimer model 
B 
dimer model 
B 
Kinetic Limitation 
due to 
dimerization 
hydrogen ion 
association/dissociation 
backflow 
of HA 
interfacial transfer 
of HA 
interfacial transfer 
Kinetic 
dependence 
on pH 
pH 
independent 
increases 
with pH 
increases 
with pH 
increases 
with pH 
decreases 
with pH 
Kinetic 
dependence on 
concentration 
concentration 
independent 
increases with 
concentration 
increases with 
concentration 
increases with 
concentration 
increases with 
concentration 
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any kinetic limitations. The amount and the direction of the shift of 
pH from the pK is determined by the partition coefficients of A gmax a 
and HA species in the membrane. 
For the other types of kinetic limitations, with the exception 
of the one due to slow interfacial transfer of anions A -, the corres-
ponding pH takes the form gmax 
pH (pK
a
- 10910 B) - ~10g10(1 + X/B) , gmax (317) 
k k kA /kA 2 kHA 1 1 
where X N Ct 0 am rna am + HA) - + kHA 0 
ka ( 1 + kHA/kHA) kS kO k am rna rna rna 
(318) 
Since the first, second, and third terms in the above equation are 
proportional to the kinetic limitation parameters E1 , E2 , and ES respec-
ti vely, each term becomes predominant at the corresponding type of 
kinetic limitation. In the presence of these kinetic 1 imi tat ions the 
pH is shi fted to a pH lower than the val ue of pH in the absence gmax gmax 
of kinetic limitations. This shift is the consequence of the increase 
of kinetic 1 imi tations with the pH and the subsequent decrease of 
steady state conductivity from the initial conductivity at high pH. 
For the flux limited by the slow interfacial transfer of anions 
A- the maximum conductivity occurs at a pH given by 
PHgmax (pka - 10910 B) + ~log10(l + Y) (319) 
kO k kHA/kHA 
Y NO 
Ct am rna 
where 
k A ka (1 + kHA/kHA) rna am rna 
(320) 
Y is proportional to the corresponding kinetic limitation parameter E4 • 
The PHgmax for this kinetic limitation is shifted to a pH higher than 
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the value of pH in the absence of kinetic limitations. This shift gmax 
results from the increase of kinetic limitations with decreasing pH and 
the subsequent decrease of steady state conductivity from the initial 
conductivity at low pH. 
Properties of Transient Flux 
There is no general analytical solution to the differential 
equations describing the model because the equations are nonlinear. The 
distribution of densities of constituents as a function of time can be 
obtained only by integrating the set of differential Eqs. 257-266. 
However it is possible to derive approximate expressions for 
the relaxation amplitude ex for individual kinetic limitations using 
expressions for the steady state current obtained for these kinetic 
1 imi tations. For slow backflow of HA spec ies the relaxation ampl i tude 
is approximately equal to 
- 1 , 
(321) 
ex = 2 cosh(eV/2kT) - 1 
E1 
ex = Z-{cosh(eV/2kT) + 1}- 1, (322) 
provided E »1 and V does not tend to zero. At high voltages ex is 1 
proportional to sinh(eV/2kT) and tanh(eV/2kT). The former is due to the 
membrane potential energy barrier and the latter corresponds to satura-
tion effect due to rate limitation of backflow of HA molecules. 
For all other types of kinetic limitations 
ex = E.cosh(eV/2kT) 
1 
(323) 
where E. represents the kinetic 1 imi tation parameter. The following 
1 
138 
description of the properties of the transient flux obtained by numer-
ical methods is in agreement with the above expressions for Q. 
It was found that under all conditions the relaxation amplitude 
increased and the relaxation time constant decreased with the increase 
of voltage across the membrane. These variations are very similar to 
those shown in Fig. 34 obtained for the dimer model A. When the slow 
dimerization process was the limiting step, the characteristics of the 
transient flux were independent of the pH and the uncoupler concentra-
tion. The description of transient flux characteristics for other types 
of kinetic limitations is given below. 
These characteristics were obtained by fitting the current 
decay at long times, when the current approached steady state, to a 
single exponential at a voltage of 10 mV. In all cases the value of ko ' 
the transmembrane ion translocation rate constant in the absence of a 
vol tage, was set to one; y was also set to one; the equi librium 
constant ko/kR of monomers was assumed to be one. The equilibrium con-
stant dimers set at so that the dimer density 
remained small. The total uncoupler concentration was unity. 
Fig. 39 shows the variations of the time constant and relaxa-
tion amplitude with pH, under various kinetic limitations. Relaxation 
ampli tude for kinetic limitation due to slow interfacial transfer of 
anions decreases with the pH at pH>PK but attains a steady value at low 
a 
~H. This results from the fact that the kinetic limitation parameter E4 
decreases with pH. For other kinetic limitations the relaxation ampli-
tude increases with the pH for pH<pK but attains a steady value at high 
a 
pH. The relaxation time constant increases with the pH at pH>pK . 
a 
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Figure 39. Variation of the time constant 1 and the relaxa-
tion amplitude a with the pH at various kinetic limita-
tions; A - slow rate of HA backflow, 0 - slow proton 
association dissociation reaction, [] slow interfacial 
transfer of A-, () - slow interfacial transfer of HA. When 
the rate limiting step is the interfacial transfer of anions 
A -, the relaxation amplitude decreases with pH whereas for 
other kinetic limitations it increases with pH. 
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Fig. 40 shows the variations of the time constant and the 
relaxation amplitude with uncoupler concentration, for various kinetic 
limitations at pH=pK+1. The concentration was varied between .25 and 2. 
At all kinetic limitations the relaxation amplitude increased and the 
time constant decreased with concentration. Fig. 41 illustrates that 
the relaxation amplitude is proportional to the concentration. 
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Figure 40. Decrease of the time constant t and increase of 
the relaxation amplitude a with uncoupler concentration No at 
various kinetic limitations: (pH=pk+l ) • 6 - slow rate of 
HA backflow, () - slow proton association dissociation reac-
tion, C - slow interfacial transfer of A-, 0 - slow in-
terfacial transfer of HA. 
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Figure 41. Computed resu1 ts illustrating that the relaxation 
ampli tude is proportional to the uncoupler concentration NO 
(Eqs.322, 323); (pH=pK+1). A- slow rate of HA backflow, 
o - slow proton association dissociation reaction, C -
slow interfacial transfer of A-, 0 - slow interfacial 
transfer of HA. 
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CHAPTER IV 
RESULTS 
pH DEPENDENCE OF MEMBRANE CONDUCTIVITY 
Fig. 42 shows the pH dependence of the steady state membrane 
conductance induced by PCBT incorporated into the membrane phase. The 
solid line is a plot of 2 h/(l+h) , where h is the reduced proton 
activity given by h = aH/(kR/kD). The curve is adjusted so as to go 
through the mean of the experimental data pOints. The points indicated 
by squares represent the pH dependence of the uncoupling activity of 
PCBT in rat liver mitochondria, as reported by Wilson et. al. (34). 
Data representing uncoupling acti vi ty are reproduced from Fig. 5 of 
ref. ( 34), and are equal to the slopes of the ti tration curves of rat 
liver mitochondria with PCBT at the designated pH values. 
There are several important conclusions that can be drawn from 
Fig. 42. These are: 
(l) The correlation between the membrane conducti vi ty and the 
uncoupling activity induced by PCBT is consistent with the hypothesis 
that the mechanism of uncoupling is the same as the mechanism by which 
weak acids induce conductivities in lipid bilayers (8). 
(2) The fit of the experimental conducti vi ties to the curve 
h/(l+h)2 is consistent with the dimer hypothesis which postulates that 
the membrane permeable charged species in membrane transport due to 
weak acids is a dimer HA; formed by the combination of HA and A-
species (44, 45). 
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Figu~e 42. pH dependence of the memb~ane conductivity and pH 
dependence of the uncoupl ing acti vi ty induced by peBT. The 
simila~i ty of cu~ves indicates that the action of peBT in 
biomemb~anes and artificial memb~anes a~e the same. Fit of 
the conductivity to the solid cu~ve supports the dime~ hypo-
thesis. 
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Fig. 43 shows the pH dependence of the membrane conductivity 
induced by PCP incorporated into the membrane phase. The fit of the 
conductivity data to the solid curve, which represents h/(1+h)2 is 
consistent with the dimer hypothesis mentioned above. The dashed lines 
drawn through the points represented by triangles indicate. the varia-
tion of the membrane bound negative charge density with pH obtained 
from the microelectrophoresis experiments. Since the variation of mem-
brane surface charge density (dashed curve) with the pH is similar to 
the variation of the anion A- density with pH 
(324) 
-but entirely different from the variation of the dimer HA2 density with 
pH 
k 
a 
(N
O
/2)2 loPKa-pH 
(1 + lOPKa -pH) 2 
(325) 
the result indicates that the dimer density in the membrane is small 
compared to the anion density. 
Fig. 44 shows the variation of the membrane conducti vi ty with 
the pH at three levels of concentration of 2,4,5-TCP in the aqueous 
phase. Only the conductivities corresponding to the lowest concentra-
2 
tion of 2,4,5-TCP fitted well the curve h/(l+h) , represented by the 
solid line. At high concentrations of 2,4,5-TCP the pH of the conducti-
vity maximum is displaced to a high pH. In addition there appears to be 
asymmetry of the conductance against pH data about the pH of the 
conductance maximum; there is a rapid decrease of the conductance with 
pH when 2,4,5-TCP becomes fully ionized. 
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Figure 43. pH dependence of the PCP induced membrane conduc-
tivity (circles), and pH dependence of the density of PCP 
ions adsorbed to vesicles (triangles). Fit of the membrane 
conductivi ty to the solid curve supports the dimer hypothe-
sis. Variation of the bound PCP ion density (dashed curve) is 
similar to the variation of PCP anion concentration with pH 
and therefore indicates that the dimer density is small 
compared to that of anions, at the membrane surface. 
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Figure 44. pH dependence of the 2,4, 5-TCP induced membrane 
conductivity. Fit of the conductivity to the solid curve at 
the lowest concentration supports the dimer hypothesis. 
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It is important to note by comparing Figs. 42 and 43, that PCP 
induced conducti vi ties are about one order of magnitude lower than 
those induced by its sulfur analog, PCST, at the same concentration. 
CONCENTRATION DEPENDENCE OF MEMBRANE CONDUCTIVITY 
Fig. 45 shows the variation of the steady state membrane 
conductance with the concentration of PCST in the membrane. The dashed 
lines correspond to a slope of two. The data suggest that the experi-
mental membrane conductance is proportional to the square of the uncoup-
ler concentration. The results are in agreement with the dimer hypoth-
esis, according to which the charge transporting species through the 
membrane is the dimer HA2 formed by the combination of HA and 
A (44,45). 
As shown in Fig. 46 the dependence of conductance on the concen-
tration of PCP in membrane phase is less than quadratic. The less than 
quadratic dependence of conductance on concentration has been observed 
earli€::i fOl:' FCP (28), and o.nother uncoupler DNP (7). This behavior has 
been shown to be due to the negative surface charge caused by the 
adsorption of uncoupler anions (7,28). 
Fig. 47 shows the dependence of membrane conductance as a 
function of the aqueous concentration of 2,4,5-TCP. Except at very high 
pH the membrane conductance is proportional to the square of the 
2,4,5-TCP concentration as indicated by the fit of the data to the 
dashed line of slope two. At very high concentrations the curves have a 
very interesting feature not seen before for any other uncoupler; 
membrane conductance goes through a maximum; and any further increase 
of 2,4, 5-TCP concentration results in a decrease of conducti vi ty. The 
pH PCST 
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Figure 45. Dependence of the membrane conductance on the PCBT 
concentration. The broken lines indicate a quadratic depen-
dence of conductance on concentration, and it is in agreement 
with the dimer hypothesis. 
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Figure 46. Dependence of the membrane conductance on the PCP 
concentration. The less than quadratic dependence of conduc-
tance on PCP concentration has been shown to be due to the 
negative surface charge caused by the adsorption of uncoupler 
anions. 
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Figure 47. Dependence of the membrane conductance on 2.4.5-
Tep concentration. The broken lines indicate a quadratic 
dependence of conductance on the concentration. The fit of 
the points to the line is consistent with the dimer hypothe-
sis. 
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quadratic dependence of conductivity on uncoupleI' concentration is 
consistent with the dimer hypothesis mentioned before. The less than 
quadratic dependence of conductance on concentration at pH of 9.5 may 
be related to the effect of adsorbed anions, similar to that observed 
for PCP. 
MEMBRANE POTENTIAL 
Fig. 48 shows the variation of membrane potential per unit of 
transmembrane pH difference as a function of the pH of the aqueous 
phase. The membrane potential of the low pH side was found to be 
negati ve with respect to the high pH side. The value of about 51. mV 
observed approximately corresponds to the Nernst potential for a decade 
of hydrogen ion acti vi ty difference (29). However, as pointed out in 
Chapter V, the occurrence of membrane potential difference correspond-
ing to the Nernst value for the transmembrane proton gradient does not 
+ -
necessarily indicate that the membrane is permeable to H or OH ions. 
EFFECT OF LOW BUFFER CAPACITY 
Fig. 49 shows the zero voltage conductance, obtained by extra-
polating the conductance to zero voltage, at three pH values and for 
low and high buffer concentrations. At low buffer concentration the 
conductivities were reduced by about a factor of ten. The bell shaped 
appearance of the pH dependence of the membrane conductivity, observed 
at high buffer concentration, disappears at low buffer concentration. 
The above observations indicate that both the protons and buffer ions 
are necessary for maintaining the continuity of ion flux across the 
aqueous unstirred layers (8,28,30). At low buffer concentration, the 
100 PCP, 25,u.M 
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Figure 48. Variation of the membrane potential per unit of 
transmembrane pH difference as a function of the pH of the 
aqueous phase. The membrane potential of the low pH side was 
negati ve, and the value of about 51mV corresponds to the 
Nernst potential for a decade of hydrogen ion activity differ-
ence. 
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Figure 49. Effect of the buffer concentration on PCBT induced 
membrane conductance. At low buffer concentration the conduc-
tivity is reduced and the bell shaped pH dependence disappears 
indicating that protons and buffer ions carry the ion flux 
across the aqueous unstirred layers. 
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ion flux through the membrane is limited by the diffusion of protons in 
the aqueous unstirred layers. This has been verified by measurement of 
slow transient currents. 
At low buffer concentration a PCBT induced slow current tran-
sient was observed when a voltage step was applied across the membrane. 
Fig. 50 indicates that the transient current is proportional to the 
reciprocal of the square root of time. This result is in agreement with 
the theory of diffusion polarization applied to membrane transport by 
Neumcke (47), who showed that such a dependence of current on time 
(Eq. 331) exists for transmembrane flux limited by the diffusion in the 
aqueous unstirred layers adjacent to the membrane. 
NORMALIZED MEMBRANE CONDUCTIVITY 
Absence of Kinetic Limitations 
According to the dimer models of ion transport in membranes 
(Chapter III), the variation of the normalized membrane conductivity 
with voltage, in the absence of kinetic limitations, is given by (Eqs. 
237,312) 
G(V) 
G(O) 
sinh(eV/2kT). 
(eV/2kT) (326) 
In Eq. 326 WI":! introduced an empirical coefficient 8, which represents 
the fraction of the applied voltage displacing the dimers inside the 
membrane. This was found necessary in order to fit the experimental 
results to the simple model of membrane ion transport. 
Fig. 51 shows the variation of the normalized membrane conduc-
ti'.'i ty with voltage at low concentration of the uncoupler 2,4, 5-TCP. 
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Figure 50. Dependence of the peBT induced slow transient 
current observed at low a'L~ous buf!~r conce!6tration (phos-
phate:citrate;borate = 2x10 M:2x10 M:5x10 M) on the re-
ciprocal of the square root of time. Fit of the points to a 
straight line agrees with Eq. 331 derived by Neumcke (47), 
and shows that the transmembrane flux is limited by diffusion 
of ions across the aqueous unstirred layers. 
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Figure 51. Variation of the 2,4,5-TCP induced normalized 
membrane conductance with the voltage when there are no 
kinetic limitations. Best fit of the experimental data to the 
equation sinh(x)/(x) (x=6eV/2kT) yielded the value for 6 = 
0.79 + .03. 
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There are no indications of the presence of kinetic limitations at this 
low concentration of 2,4,5-TCP. The solid curve represents the function 
sinh(8eV/2kT)/(8eV/2kT) for 8 = 0.79, obtained as the average of the 
least square fit values of 8 from nine sets of data, corresponding to 
nine different pH conditions. 
Fig. 52 shows the variation of the normalized membrane conduc-
tivity with voltage for PCP, at different values of pH. The solid curve 
represents the function sinh(8eV/2kT)/(8eV/2kT) for 8 = 0.78 obtained 
as the average of the least square fit values of 8 from nine sets of 
data, at nine different pH conditions. The value of 8 obtained for PCP 
is about the same as that for 2,4,5-TCP. 
Since strong kinetic limitations were observed under most condi-
tions for PCBT treated membranes, we used the initial current obtained 
from current relaxation experiments to determine 8. Dimer models (Chap-
ter III) predict that 
G(O,V) 
G(O,O) 
sinh(BeV/2kT) , 
(BeV/2kT) (327) 
where G( 0, V) is the initial conductance obtained by extrapolating the 
current trans ient under a vol tage step V to zero time. G (0, 0) is 
obtained by extrapolating the initial conductance G (0, V) to zero vol-
tage. Fig. 53 shows the variation of G(O,V)/G(O,O) with voltage. Solid 
curve is the least squares fit of the function given in Eq. 327 to the 
data. The best value of B obtained is 0.7. The values of B obtained for 
PCBT, PCP, and 2,4,5,-TCP agree with each other and with the values 
reported for other membrane modifiers (38,58) indicating that only 70 
to 80% of the applied voltage drives the membrane permeable ion across 
the membrane. 
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Figure 52. Variation of the PCP induced normalized membrane 
conductance with voltage. Best fit of the experimental data 
to the equation sinh(x)/(x) (x = BeV/2kT) yielded the value 
for B = 0.78 + .04. 
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Figure 53. Variation of the PCBT induced normalized initial 
membrane conductance, obtained from current relaxation data, 
wi th the voltage. Best fit of the points to the Eq. 327 
yielded the value for a = 0.7. 
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Presence of Kinetic Limitations 
Under most experimental conditions the normalized membrane con-
ductances observed for PCP were similar to those shown in Fig. 52, 
which indicates that for PCP the kinetic limitations of membrane conduc-
tance are small. For 2,4,5-TCP the existence of kinetic limitations was 
observable only at the highest concentration. Fig. 54 shows the varia-
tion of normalized membrane conductance with voltage for 3x10-4 M 
2,4,5-TCP. The conductance becomes less voltage dependent as the pH is 
increased, indicating that the kinetic limitations increase with the 
pH. The solid curves represent the function 
G(V) 
G(O) 
sinh(BeV/2kT) 
(BeV/2kT) 1 + EO.cosh(BeV/2kT) (328) 
(Eq. 237) for B = 0.79 and for various values of EO' The dimer models 
predict that the normalized membrane conductance varies according to 
Eq. 328. The kinetic limitations are measured by the magnitude of the 
net kinetic limitation parameter EO' 
As shown in Fig. 55, the normalized conductance of PCBT treated 
membranes under most conditions decreases with the appl ied voltage, 
indicating existence of strong kinetic limitations. The solid curves in 
Fig. 55 represent the function 328 for a = 0.7, and for various values 
of Another important point to notice in Fig. 55 is that the 
conductance decreases with voltage more rapid ly as the pH was either 
increased or decreased from the value of the pH corresponding to 
maximum conductivity (pH = 6.6, Fig. 42). Data in Fig. 55 indicate the 
existence of kinetic limitations for PCBT induced conductivity at any 
pH above or b~low the pH at which conductance is maximum (refer 
Fig. 42). 
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Figure 54. Voltage dependence of the 2,4, 5-TCP induced nor-
malized membrane conductance at high concentration of the 
uncoupler, indicating the development of kinetic 1 imi tat ions 
at high pH. The solid lines represent the Eq. 328 for various 
values of the kinetic limitation parameter EO and for 8 = 
0.79. 
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Figure 55. Voltage dependence of the peST induced normalized 
membrane conductance, indicating the development of kinetic 
limi tat ions at both above and below the pH corresponding to 
maximum conductivity. The solid lines represent the Eq. 328 
for various values of the kinetic limitation parameter EO and 
for [3= 0.7. 
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Fig. 56 is a plot of the PCBT induced normalized membrane 
conductance as a function of the applied voltage for increasing concen-
trations of PCBT. The data indicate that with increasing PCBT concentra-
tion the kinetic limitations become more prominent. Dimer models (Chap-
ter III) predict that the kinetic limitation parameter is proportional 
to the concentration of the uncoupler. Therefore, the experimental 
resul ts in Fig. 56 are in agreement with the predictions of dimer 
models. However, it is appropriate to point out one inconsistency in 
the presented results; the points corresponding to the lowest concentra-
tion of PCBT lie above the function sinh(8eV/2kT)/(8eV/2kT), for 8 = 
0.7. This is very likely due to the fact that the membrane current at 
this low concentration of membrane modifier was in part due to membrane 
electrical leakage whose mechanism is different from that induced by 
PCBT. 
ADSORPTION OF PENTACHLOROPHENOL ANIONS TO MEMBRANES 
Fig. 57 shows the variation of the electrophoretic mobility 
(and the corresponding electric potential at the hydrodynamic plane of 
shear) of phosphatidylcholine vesicles as a function of PCP concentra-
tion, for different values of pH. The density of PCP anions adsorbed to 
vesicles is calculated from the results of Fig. 57 using diffuse double 
layer theory (59). The variation of the adsorbed PCP anion density B -A 
with the aqueous PCP anion concentration FA-, for various values of pH, 
is shown in Fig. 58. 
There are two sources of error in the aqueous concentration of 
PCP anions, of which one has been corrected and the other has not. The 
decrease of aqueous PCP anions due to the adsorption of anions to 
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Figure 56. Voltage dependence of the PCBT induced normalized membrane conductance, indicating the 
development of kinetic limitations at increasing concentration of PCBT. 
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Figure 57. Variation of the electrophoretic mobility and the corresponding electric potential at 
the membrane surface (zeta potential) of lecithin vesicles, with the aqueous PCP concentration. I-' (Jl 
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Figure 58. Variation of the density of PCP anions adsorbed to 
membrane of vesicles (BA ), with the aqueous concentration of PCP anions (F
A
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167 
168 
vesicles was corrected using the knowledge of the surface area per 
lecithin molecule in bilayers (60,61, and results of experiments of 
Barbara Sinha done in our lab), and the total amount of lecithin used. 
However the error due to a similar decrease of aqueous PCP anion 
concentration due to adsorption of neutral PCP molecules to vesicles 
was not corrected, because the characteristics of adsorption of neutral 
PCP molecules to vesicles were not known. The latter correction is 
expected to be significant only at pH less than or comparable to the 
pK of PCP (=4.8), and becomes negligible at high pH when the majority 
a 
of PCP molecules are in the anionic form. 
According to simple laws of adsorption (Langmuir isotherm) a 
plot of BA-/FA- against FA-, where BA- is the adsorbed ion density, and 
FA- is the free ion density (Scatchard plot) yields a straight line. We 
found that our experimental results at high pH obeyed the Langmuir 
adsorption isotherm only after the aqueous PCP anion concentration 
adj acent to the membrane has been corrected by the Boltzmann factor, 
exp(e~ /kT) (Eq. 332), where ~ is the electric potential at the hydro-
s s 
dynamic plane of shear (62). The anion concentration in the aqueous 
layer adj acent to the membrane is less than its concentration in the 
bulk because of electrostatic repulsion between anions adsorbed to the 
membrane and those in the aqueous layer adj acent to the membrane. 
Boltzmann factor corrects for the error due to this electrostatic 
effect. Fig. 59 is a Scatchard plot for the results at pH equal to 7 
and 8, with the free anion density corrected by the Boltzmann factor. 
MODIFICATION OF 2,4,5-TRICHLOROPHENOL-INDUCED MEMBRANE CONDUCTIVITY 
BY TETRAPHENYLARSONIUM AND SALICYLATE IONS 
Fig. 60 shows the enhancement and suppression of the 2,4, 5-TCP 
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Figure 59. Scatchard plot (see text) for the adsorption of 
PCP anions to membranes. The aqueous PCP anion concentration 
has been corrected to account for its decrease due to (1) ad-
sorption, and (2) repulsion between adsorbed and free anions. 
The fit of the data to straight lines indicates that the 
adsorption of PCP anions to membranes can be well described 
by Langmuir adsorption isotherm. 
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Figure 60. Enhancement due to adsorbed tetraphenylarsonium 
(circles) and suppression due to adsorbed salicylate (tri-
angles) ions of 2,4,5-TCP induced membrane conductivity. The 
arrow indicates the conductance level in the absence of any 
modifier ions. Modifier ions by themselves do not induce any 
significant increase of the membrane conductivity. 
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induced membrane conductivity by adsorbed tetraphenylarsonium and sa1i-
cylate ions respectively. The arrow indicates the conductivity level in 
the absence of any modifier ions. We did not observe any significant 
increase in the steady state conducti vi ty level in the presence of 
modifier ions alone. Since tetraphenylarsonium and salicylate ions 
impart a posi ti ve and negative potentials to the membrane (63,64), 
resul ts of Fig. 60 are consistent with the dimer hypothesis (44,45) 
according to which the membrane permeable ion derived from 2,4,5-TCP is 
a negatively charged dimer complex HA2 • Since there are no kinetic 
limitations at this low concentration of 2,4,5-TCP, the membrane conduc-
tance is limited by diffusion over the membrane potential energy 
barrier. Under this condition it is possible to determine the electric 
potential ~ imparted to the membrane by these modifier ions using the 
m 
equation G' G. exp (-e '¥ /kT) (Eq. 346) (7,28,64), where G I and G are 
m 
conductivities in the presence and absence of modifier ions respective-
ly. Fig. 61 is a plot of '¥ , obtained from the above equation and the 
m 
resul ts of Fig. 60. At the highest concentration of membrane modifier 
ions the height of the membrane barrier changed as much as 40 mV. 
Fig. 62 shows the pH dependence of 2,4, 5-TCP induced conduc-
tance, (a) in the presence of 3 mM tetraphenylarsonium ions, (b) in the 
presence of 0.3 M sal icylate ions, and (c) in the absence of any 
modifier ions. Recently Stark (65) has suggested that hydrophobic 
anions like tetraphenylborate T- act as carriers for the tetraphenylar-
sonium 8+ cations by the formation of neutral ion pairs T-8+. Since in 
Fig. 62 the shapes of the conductivity curves are not changed by the 
presence of modifier ions, we conclude that the processes similar to 
those reported by Stark (65) do not alter the mechanism of 2,4,5-TCP 
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Figure 61. Variation of the membrane potential induced by adsorbed tetraphenylarsonium (circles), 
and salicylate (triangles) ions, calculated using Eq. 34G and results of Fig. 60, with increasing 
concentration of modifier ions. 
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Figure 62. pH dependence of 2,4,5-TCP induced membrane conduc-
tance in the presence of membrane modifier ions; tetra-
phenylarsonium-squares, salicylate-triangles, and in the ab-
sence of modifier ions - circles • Al though the pH of the 
maximum conducti vi ty shifts to lower pH in the presence of 
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induced membrane conductivity. The shift of the conductivity maximum to 
less than the pK of 2,4, 5-TCP (which is 7.0) could be explained for 
a 
the case of tetraphenylarsonium by electrostatic arguments (see Chap-
tel' V), since tetraphenylarsonium ions impart a positive electric poten-
tial to the membrane. However, the shift of the conductivity maximum to 
pH below the pK of 2,4,5-TCP due to salicylate ions is not in agree-
a 
ment with the same electrostatic argument. The reason for the discrepan-
cy is not known, but some hypotheses pertinent to this topic are 
proposed in Chapter V. 
STUDIES OF MEMBRANE CURRENT RELAXATION 
Fig. 63 shows the variation of the time constant and the 
relaxation amplitude with voltage for PCBT induced current relaxations 
under a vol ta90 step. These variations agree with those predicted by 
dimer models (Fig. 34). We observed that the relaxation amplitude and 
the time constant are strongly voltage dependent for the case of PCBT 
but not so for the cases of PCP and 2,4, 5-TCP. From the relation 
between the relaxation amplitude a and the kinetic limitation parameter 
E, a E.cosh(eV/2kT), derived in Chapter III (Eqs. 244,323) for the 
dimer models, a strong dependence of a on voltage V indicates that the 
kinetic limitations are more pronounced (i.e. large E) for PCBT-induced 
conductivity, compared to that induced by PCP or 2,4,5-TCP. This is in 
agreement with the same conclusion drawn before from the voltage 
dependence of steady state normalized membrane conductivities, and is 
also consistent with the observation of higher conductivity for PCBT. 
Fig. 64 shows the increase of the time constant with pH for PCP 
induced current relaxations, and this variation is in agreement with 
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Figure 63. Variation of the relaxation time constant t and 
the relaxation amplitude Cl with the voltage for PCBT induced 
current relaxat!ons undc~ a voltage step. The strong voltage 
dependence of Cl indicates the existence of strong kinetic 
limitations for PCBT induced membrane conductance. The curves 
are similar to those predicted by theory (Figure 34). 
175 
-(/) (.) 
Q) 
(/) 
-
PCP,5fLM 
IOOmV voltage step 
o 
o 
o 
o 
IO-5----~--------~--------~~------~ 
6 pH 7 
Figure 64. Increase of the time constant with the pH for PCP 
induced current relaxations for a lOOmV voltage step. The 
variation is similar to that predicted by theory (Fig. 35). 
The observation that the relaxations are pH dependent indi-
cates that the formation and dissociation of the membrane 
permeable ion does not limit the transmembrane flux. 
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the predictions of dimer models (Fig. 35). All three compounds PCP, 
PCBT, and, 2,',5-TCP exhibited pH dependent current relaxations at pH 
greater than the pK of the uncoupler. The fact that the relaxations 
a 
are pH dependent indicates that the observed relaxations are not due to 
the slow dimerization process, be=ause the kinetic limitation due to 
slow dimerization is independent of the pH. According to dimer models A 
and B (Chapter III) the relaxations observed at high pH could arise due 
to either (a) slow backflow of HA molecules, (b) slow proton associa-
+ -tion/dissociation reaction HA = H + A , or (for dimer model B only) 
(c) due to slow interfacial transfer of HA molecules. Since the 
variations of the relaxation characteristics with the pH are similar 
for the above mentioned kinetic limitations (Fig. 35), it is not 
possible to distinguish, based on the limited steady state and relaxa-
tion data, which type of kinetic limitation is responsible for the 
relaxations observed at high pH. 
Fig. 65 shows the decrease of the time constant with uncoupler 
concentration for 2,',5-TCP induced current relaxations, and this varia-
tion is in agreement with the predictions of dimer models (Fig. 36). 
Experimental results presented in Fig. 65 do not make it possible to 
differentiate between the types of kinetic limitations because the 
variation of the relaxation characteristics with concentration of the 
uncoupler is similar for several types of kinetic limitations under 
consideration (see Fig. 36). However, the fact that the relaxation time 
constant is dependent on concentration of the uncoupler indicates that 
the observed relaxations are not due to a slow dimerization process, 
because this kinetic limitation is independent of uncoupler concentra-
tion. 
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Figure 65. Decrease of the time constant with the uncoupler 
concentration for 2,4,5-TCP induced current relaxations. The 
variation is similar to that predicted by theory (Fig. 36). 
The observation that current relaxations are concentration 
dependent indicates that the slowest process in the membrane 
transport kinetic scheme is not the dimer formation/dissocia-
tion step. 
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TOXICITY OF PENTACHLOROPHENOL TO ALGA 
The toxicity of PCP to the alga Selenastrum ~apricornutum was 
measured by the decrease of C14 fixation by these organisms in the 
14 presence of PCP. Fig. 66 shows the decrease of the rate of C uptake 
by the alga with increasing concentration of PCP. The arrow corresponds 
to the rate of carbon uptake in the absence of PCP. 
The alga was exposed to PCP for about two hours. The occurrence 
of toxic effects on such a small time scale indicates that the effect 
is not related to changes of algal metabolism which occur on a time 
scale of 10 hours. In addition, the toxic effect occurred only in the 
presence of light, which indicates that PCP affects the light driven 
reactions of the photosynthetic process. It has been suggested for 
other uncouplers (66-69), that the reduction of carbon uptake is the 
result of depletion of the energy source, ATP, required for driving the 
carbon uptake. It is expected that PCP has the same effect. Depletion 
of ATP pool occurs as a result of uncoupling the photosynthetic 
phosphorylation process by PCP. 
Fig. 66 shows that the toxic effect begins to appear at a PCP 
concentration of about 1 \-1M and is fully developed at 10 \-1M PCP. The 
PCP induced lipid bilayer membrane conductance begins to increase above 
the background at about 1 \-1M PCP and the conductance is almost 
saturated at about 10 \-1M PCP (ref. Fig. 2 of ref. 28). The correlation 
that we observed between the concentration of PCP at which the toxicity 
occurred in the alga and the conductance was induced in lipid bilayer 
membranes, and the rapid response of the alga to PCP, are consistent 
wi th the hypothesis that the mechanism of uncoupling is identical to 
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the mechanism of charge transport in lipid bilayer membranes induced by 
weak acids. 
We found that the alga by itself, in the absence of uncoupler 
has a characteristic pH dependence of carbon uptake (Fig. 67). This 
finding complicates any pH-related studies of the effect of uncouplers, 
analogous to those done with bilayers. Results similar to ours were 
observed by Werdan et. al. (66) for spinach chloroplasts when the rate 
of carbon fixation was plotted as a function of the pH of the stroma 
(Fig. 5 of ref. 66). In their report the maximum rate of carbon uptake 
occurred at stroma pH of about 8.0. 
If the bell shaped curve obtained for the pH dependence of 
carbon uptake is due to I imi tat ion of carbon avai labi li ty then these 
observations are consistent with the hypothesis that HCO; is the source 
of carbon required by the alga. We could reproduce the pH dependence of 
carbon fixation rate with the assumption that the rate is proportional 
to HC03 concentration. The maximum rate then corresponds to the proton 
concentration equal to IK l .K 2 , where Kl and K2 are the first and second 
dissociation constants of H2C0 3 • The predicted maximum corresponds to a 
pH of 8.3 and agrees with the value of about 8 observed by Werdan et. 
al. (66) for spinach chloroplasts. The occurrence of maximum carbon 
uptake for alga Selenastrum capricornutum at a pH of about 6 (Fig. 67) 
rather than 8 could be due to the existence of pH gradients across the 
outer membranes of the alga. Such pH gradients corresponding to higher 
pH of the stroma with respect to the outer aqueous phase have been 
reported in the literature (66). 
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Figure 67. Characteristic pH dependence of the rate of carbon 
uptake by alga in the dbsence of PCP. If this variation is 
due to limitation of carbon availability, then these observa-
tions are consistent with the hypothesis that HCO; is the 
source of carbon required by the chloroplasts. 
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CHAPTER V 
DISCUSSION 
In addition to the discussion of main experimental and theore-
tical results, we will attempt to develop a comprehensive overview of 
the mechanism of induced hydrogen ion transfer in lipid membranes in 
the presence of chlorinated phenols. We present first the mechanistic 
picture of the transport processes involved and then arguments in 
support of the applicability of selected kinetic schemes, and in 
conclusion we point out the biological significance of the results 
obtained. 
MAIN FEATURES OF THE MECHANISM OF MEMBRANE CONDUCTION INDUCED BY 
2,4,5-TRICHLOROPHENOL, PENTACHLOROPHENOL, AND PENTACHLOROBENZENETHIOL 
One of our observations was that an electrical potential differ-
ence developed in treated membranes in the presence of hydrogen ion 
concentration gradients. The potential distribution was such that the 
potential of the low pH side was negative with respect to the high pH 
side. The magnitude of the potential difference was approximately 50 mV 
per decade of hydrogen ion acti vi ty gradient. In membrane biology it 
has been often incorrectly implied that the polarity of membrane 
potential difference indicates the polarity of membrane permeable ions. 
Superfic ially, our data would suggest that the above mentioned com-
pounds also induce membrane permeability of H+ or OH- ions. Induced 
permeability of hydrogen ions was often invoked or implied in earlier 
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literature on biological action of uncouplers of oxidative phosphoryl a-
tion (70,71). The above mentioned chlorinated phenols belong to this 
category (32,72-78). Indeed, from the condition of thermodynamic equili-
" 
, " 
brium for hydrogen ions it follows that V - V (kT/e )In(aH/aH) , 
where a H is the activity of hydrogen ions in the aqueous phases 
, " 
surrounding the membrane. Thus, for aH > a H, V 
" V < 0, in agreement 
with our experimental results (Fig. 48). But it would be incorrect to 
conclude that hydrogen ions alone permeate across lipid bilayers. 
It was pointed out recently (30) that if chemical reactions, 
such as association-dissociation processes involving hydrogen ions, are 
linked to the process of charge transfer across the membrane, the 
membrane potential data are not useful for the purpose of discrimina-
tion among different kinetic models. For the same reason our experimen-
tal membrane potential results are compatible with the predictions of 
models in which both the anion A-, produced by the dissociation of the 
chlorinated phenol molecule ~A, and HA itself are assumed to be 
membrane permeable. Thus, the candidates for electric current carriers 
in the membrane are hydrogen and hydroxide ions, and both the neutral 
and ionized chlorinated phenol molecules. It follows from thermodynamic 
arguments (79), that the probability of permeation of hydrogen and 
hydroxide ions without assistance across nonpolar membrane core is very 
small, so that the phenol molecules must be directly or indirectly 
involved in the transmembrane charge transfer. 
It should be realized that the experimental membrane conduc-
tance data shown in Figs. 42-47 actually reflect both the conductance 
of the membrane and of the adjoining electrolyte layers. One of the 
main tasks in elucidating the membrane conduction mechanism is to 
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determine the identity of membrane permeable ions and to find out the 
location of their formation. In our case it is desirable to establ ish 
first whether the membrane permeable ions have their origin in the 
aqueous medium surrounding the membrane or in the membrane itself. Some 
insight into this problem was gained from the analysis of the steady 
state conductance results. If the membrane permeable ions were formed 
in the bulk aqueous solution, then the maximum flux the membrane/elec-
trolyte system can support would be determined by the maximum diffusion 
flux in the aqueous medium. Under most experimental conditions used the 
Debye Huckel length (59) of the electrolyte/membrane interface is on 
the order of 10 nm or less whereas the thickness of unstirred layers is 
.05 .6 mm (80,59). The maximum possible conductance of membrane/ 
electrolyte system can be estimated from the maximum ion flux across 
two unstirred layers. Thus, if the membrane permeable ions were formed 
in the aqueous medium, then the steady state conductance 1 imi t, ob-
tained from the condition of flux continuity across the membrane and 
the unstirred layers, is equal to 
GI , ~m 
2 
e 0 n/2okT 
w 
(329) 
where 0 is the diffusion coefficient of membrane permeable ion in 
w 
water, n the volume density of membrane permeable ions in the aqueous 
medium, and o the thickness of the unstirred layer. For 0 
w 
2 
cm /s, a value typical for the size of phenol molecules, 0 
-6 
= 7x10 
0.2 mm 
(5) and n corresponding to 1x10-4 M (an upper limit on aqueous 
concentration), the estimated maximum conductance is 7x10-5 
siemens/cm2 • The experimental value of the conductance was found to be 
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greater by a factor of four to seven. Moreover, the value of the 
experimental conductance was rather insensi ti ve to the rate of stir-
ring, which controls the thickness 0, and steady state conductance was 
attained in less than one second. Both effects are not compatible with 
the idea of conduction limited by the diffusion of membrane permeable 
ions, derived from phenols, toward and away from the membrane. The 
above mentioned facts strongly suggest that membrane permeable ions do 
not originate in the aqueous medium, but in or at the membrane. Another 
observation consistent with the latter was that addition of phenols to 
the membrane forming solution resulted in immediate attainment of 
stable conductance, whereas incorporation from the aqueous medium con-
taining chlorinated phenol resulted in a gradual development of conduc-
tance with time. 
All three investigated compounds exhibited similar dependence 
of conductance on hydrogen ion activity (Figs. 42-44). Also there were 
ranges of experimental conditions in which the conductance increases 
approximately as a second power of the concentration of the phenol. 
These two features are in support of applicability of the dimer hy-
pothesis of membrane transport (44,45) according to which the negative-
ly charged dimer complex, a product of recombination of one neutral and 
one ionized molecule of the chlorinated phenol, is the membrane per-
meable ion responsible for the conduction effect. According to this 
hypothesis the conductance corresponding to equilibrium situation is 
(44) • 
G a: (330) 
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where Ka' a H and NO are dissociation constant, hydrogen ion acti vi ty 
and concentration of membrane modifier in membrane, respectively. The 
first factor qual i tati vely reproduces the pH dependence, the second 
factor the concentration dependence of our experimental results under 
certain conditions. More detailed discussion of the conduction mech-
anism will be presented later in this section. 
It was concluded that the membrane permeable ions are not 
formed in the aqueous medium, but in the membrane. In order to complete 
the conceptual development of the model of the conduction mechanism it 
is necessary to elucidate the charge transport in the aqueous phase 
surrounding the membrane. For that purpose we used the membranes 
treated with PCBT, because these were highly conductive, and it was 
found that if the aqueous medium contained low concentration of buffer, 
i. e. when the hydrogen ion storage and release system had a small 
capacity, the steady state conductance was significantly reduced 
(Fig. 49). In addition, under those conditions we observed a slow 
transient current after the application of the potential difference 
across the membrane. This slow transient process can be understood. It 
was shown by Neumcke (47) that if the transmembrane current is limited 
by diffusion in aqueous layers, then the current in the system is 
I(t) 
1 
zFc. (D/nt)2 tanh(zeV/2kT) 
~ 
(331) 
Our experimental results on the time evolution of the current at low 
buffer capacity agree with the above predicted time dependence 
(Fig. 50). The above mentioned observations indicate that the conduc-
tion current in the aqueous layers adjacent to the membrane is carried 
by hydrogen and buffer ions. 
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VALIDITY OF SMALL DIMER DENSITY APPROXIMATION 
It was shown that membrane conductance induced by chlorinated 
phenols is compatible with the concept of dimers HA~ as membrane per-
meable ions. Applicability of the dimer hypothesis rested on an ob-
served proportionality between the membrane conductance and the func-
tion h/(l + h)2, where h is the reduced hydrogen ion concentration. The 
dimer hypothesis was supported by the fact that complexes containing 
HA; as counterions have been actually isolated (46). 
In the theoretical treatment of dimer kinetic schemes we ob-
tained manageable analytical solutions for transmembrane charge flux 
(Eqs. 223, 292) under the assumption of low density of dimers as 
membrane permeable ions. This assumption was experimentally tested 
using the following line of reasoning. If HA~ dimers were the dominant 
charged species at membrane surfaces, then the surface charge density 
determined from electrophoretic mobility of lipid vesicles, would be 
also proportional to dimer density, i.e. to the function h/(l + h)2. 
Instead, we found that the mobility of vesicles is porportional to 
-1 (1 + h) , indicating that the membrane surface charge is proportional 
to A ions adsorbed at the membrane rather than to HA 2 • Therefore the 
densi ty of d imers HA; at the membrane surface have to be smaller than 
that of A-; an experimental result in support of the applicability of 
small dimer densi ty approximation. 
BINDING OF PENTACHLOROPHENOL IONS TO PHOSPHATIDYLCHOLINE BILAYERS 
We have shown that it is appropriate to describe the adsorption 
of pentachlorophenol ions at bilayer membrane surfaces by the Langmuir-
type adsorption model, if one takes into account the repulsive electro-
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static interaction between the adsorbed and free pentachlorophenol 
ions. Our electrophoretic mobility data indicated that such correction 
may be necessary, since already at moderate concentrations of PCP (30 
\-1M. ), the magnitude of electric potential at the shear plane, located 
several angstroms in front of the membrane surface, becomes comparable 
to kT/e. The agreement between the experimental values of vesicle 
mobilities and aqueous PCP anion concentration became consistent with 
the Langmuir adsorption model only after the introduction of Boltzmann 
factor exp (-ze'¥ /kT), where 'i' is the electric 
s s 
potential at the shear 
plane. The Boltzmann factor takes into account the distribution of PCP 
anions between the aqueous part of the membrane/water interface and the 
bulk aqueous phase. The density of PCP anions on the membrane surface 
BA is then given by 
(332) 
which represents the Langmuir adsorption isotherm with the electro-
static correction (23). FA represents ttle free anion concentration and 
BT the total number of binding sites per unit area on the membrane. KA 
is the binding constant. 
From the fit of the above equation to the experimental results, 
we have obtained the partition coefficient of PCP anion into lecithin 
A -5 5 bilayers, K .BT = 3.8x10 m, which is about the same (4xlO- m) found 
for another potent uncoupler of oxidative phosphorylation, lTFB (9). 
BT, the density of PCP anion binding sites at the membrane surface is 
1.5xl017 m- 2 , which corresponds to approximately 10 phospholipid mole-
cules involved in binding of one PCP anion. This result is consistent 
with the concept of binding that assumes penetration of PCP anions into 
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the bilayer membrane and localized distortion of the lattice that 
extends over the area of approximately 10 phospholipid molecules. 
EXISTENCE OF KINETIC LIMITATIONS 
According to the barrier concept of membrane transport the 
transmembrane ion flux increases with voltage aCl:ording to 
sinh(zeV/2kT) which results in the following dependence of membrane 
conductance with voltage; 
G(V)/G(O)= (2kT/SzeV) sinh(SzeV/2kT). (333) 
The empirical coefficient S has been introduced "a posteriori" to indi-
cate that only a fraction, SV of the applied voltage drives the 
transmembrane transport. Al though the physical origin of factor S is 
not understood, it is a fact that a great variety of membrane conduc-
ti vi ty data is in agreement with the barrier model for S between 0.7 
and 0.9 (38,58). Taking this evidence into consideration one can show, 
as has been done in Chapter III, that for both dimer kinetic schemes 
the steady state normalized conductance is approximately given by 
(Eqs. 237,312) 
G(V) 
G(O) = 
2kT 
SeV 
(1 + EO) sinh(SeV/2kT). 
1 + EO cosh(SeV/2kT) (334) 
The significance of the kinetic limitation parameter Eo is that it is 
related to the displacement of density of membrane permeable ions from 
the equilibrium value. The kinetic limitation parameter Eo contains two 
groups of terms; one term which is independent of concentration of 
uncoupler and pH of solution, representing a limitation imposed by the 
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slow rate of dissociation of dimers HA;, and the second term which is 
proportional to the density of uncoupler adsorbed at the membrane 
surface, representing kinetic limitation associated with the return 
pathway of transport cycle and with the interfacial processes 
(Table II). In Figs. 52,54-56 we presented the experimental steady 
state normalized membrane conductance data, G(V)/G(O), that illustrate 
the absence, existence, and development of kinetic limitation condi-
tions of membrane transport induced by PCP, 2,4, 5-TCP and PCBT. These 
experimental results are in qualitative agreement with the predictions 
based on the dimer kinetic schemes. 
The results also indicate that for pentachlorophenol the kine-
tic limitations are rather insignificant (Fig. 52); there appears to be 
some kinetic limitation effect, but it is comparable to the experimen-
tal error. 
For 2,4,5-trichlorophenol it was possible to demonstrate the 
kinetic limitation only at the highest 2,4,5-TCP concentration used in 
the experiment. The results clearly indicate that the kinetic limi ta-
tion becomes progressively developed at higher pH. This result agrees 
wi th the predictions of the dimer kinetic scheme that implies inter-
facial hydrogen ion transfer; this latter model predicts that the 
kinetic limitation parameter increases with the concentration of uncoup-
ler and with the pH. 
In Chapter III, (dimer model A) it was shown that the develop-
ment of kinetic limitation at low hydrogen ion concentration exists 
when the transmembrane transport of charge becomes limited by that part 
of the kinetic scheme that involves neutral HA molecules. In terms of 
the above model such a limitation can be caused either by the slow rate 
of backflow of HA molecules across the membrane (kinetic 1 imi tation 
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measured by the parameter El in Eq. 227), or by the slow rate of 
release of protons across the interface (Kinetic limitation measured by 
the parameter E2 in Eq. 230). Our steady state experimental results do 
not make it possible to distinguish between these two alternatives. 
In contrast, for PCBT induced membrane conductance three types 
of kinetic limitations were observed. One was a gradual development of 
kinetic limitation effect with the increasing concentration of PCBT in 
the membrane (F ig. 56). Second and third were the kinetic 1 imi tations 
at pH below and above the pH corresponding to conductance maximum 
pH (Fig. 55). The observation of kinetic limitation at pH < pH gmax gmax 
is interesting in view of the fact that it indicates the presence of an 
addi tional kinetically limiting pathway, in this case associated with 
the PCBT anions. We have concluded that existence of kinetic limitation 
at low pH is not compatible with the kinetic scheme involving simple 
hydrogen ion transfer across membrane/water interface (dimer model A 
described in Chapter III). This new kinetic limitation at low pH 
requires a kinetic scheme in which it is assumed that the association/ 
dissociation reaction HA=A - + H+ takes place in the aqueous region of 
membrane/water interface. 
The observation of kinetic limitation associated with hydrogen 
ion transfer at the interface opens a new possibility to study such 
processes. It is to be expected that interfacial hydrogen ion transfer 
is facilitated by proper alignment of HA and A- species at the 
membrane/water interface. Favorable alignment may be real ized in the 
case of chlorinated phenols, but not with PCBT, since the experimental 
resul ts on chlorinated phenols are compatible with the dimer kinetic 
scheme involving interfacial hydrogen ion transfer whereas PCBT is not. 
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If the alignment of HA and A- species at the interface is such that the 
groups with which the hydrogen ion interacts are not in contact with 
the aqueous phase, either due to different orientation or greater 
adsorption depth of these groups, direct interfacial hydrogen ion 
transfer may be less probable. It is conceivable that in this case the 
probability of desorption of HA and A- species from the membrane 
becomes greater or comparable to the probability of transfer of hydro-
gen ions across the interface so that the dissociation/association 
process, HA=A - + H+, taking place wi thin the aqueous region of the 
membrane/water interface may be dominating. We propose that the latter 
takes place at the PCBT modified membranes. As indicated, this hypothe-
sis is based on our observation of kinetic 1 imi tation at low pH. The 
resul ts of electron density distribution calculations (81,82) done in 
our laboratory by Julian Hobbs suggest that the total dipole moment of 
PCBT molecule is in the opposite direction of that for chlorinated 
phenols. 
The observation of kinetic limitation of uncoupler induced 
conductivity at low pH is one of the new effects in membrane transport 
kinetics. A phenomenon related to ours, specifically, anomalous voltage 
dependence of the relaxation current amplitude at low pH, has been 
reported for TTFB induced conductance ( 9) • The authors interpreted 
their observation also as a restricted interfacial hydrogen ion trans-
fer; however, they suggested that in their case it was the electric 
field that assisted anions A- to attain orientation favorable for hydro-
gen ion transfer. Our steady state data do not make it possible to 
discriminate between these two detailed al ternati ve interfacial proc-
esses. 
EXISTENCE OF A MINIMUM IN THE NET KINETIC LIMITATION PARAMETER 
AT pH = pK 
a 
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According to results shown in Fig. 55, the kinetic limitations 
of PCBT induced conductance are most evident at high and low pH values. 
There appear to be a minimum at a pH corresponding to the conductivity 
maximum which can be approximated by the pK of PCBT. In this section 
a 
we argue that the occurrence of such a minimum is consistent with the 
dimer kinetic scheme B, (dimer model B, Chapter III), and show that the 
condition of existence of a minimum yields another relationship between 
kinetic constants. 
According to dimer model B (Chapter III), the kinetic limi ta-
tion which increases with the decrease of pH is that associated with 
the interfacial transfer of anions and can be written in the form 
h 
C.h + 0 (335) 
where (336) 
1 kHA k k A 
C (1 + ~)~~ 
NO kHA k k am Cl 0 
( 337) 
1 kHA kA kS k
A 
and D rna (1 + ~) rna ---
NO 
kHA kA k a kO am am 
(338) 
The other kinetic limitations which increase with pH can be written as 
E = 1 (339) A + B.h 
1 
where A (1 + 
and B (1 + 
1 -1 
H'A) 
k 
kHA 1 
am 
rna 
- + 
kHA k 
rna 0 k 
1 -1 
HA) 
rna 
195 
(340) 
(341) 
In order that the total kinetic 1 imi tation parameter EO = E + E 4 
exhibits a minimum at a certain value of pH, we require that dEO/dh = O. 
This yields 
o 
(C.h + 0)2 
B 
2 (A + B.h) 
(342) 
Since the m::.n::.mum kinetic limitation occurs at the maximum of conduc-
tance, we assume, as a first approximatic ,'1, that h = 1, which corre-
sponds to pH = pK • It follows that 
a 
B 
o 
(343) 
Substituting for A,B,C, and 0 one arrives at the condition that the 
rate constants must satisfy in order that a minimum in the net kinetic 
limitation parameter exists at pH pK. This condition is given below. 
1 
_1_) 
kHA 1 
(-- + 
2 1 kA kA am rna am (344) + -- + --
kS kHA k kHA kHA rna 0 rna 
+ ~) 1 
kHA 
am 
MODIFICATION OF 2,4,5-TCP INDUCED MEMBRANE CONDUCTIVITY BY 
TETRAPHENYLARSONIUM AND SALICYLATE IONS 
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We have shown experimentally that membrane conductance induced 
by 2,4, 5-TCP can be either decreased by the presence of negatively 
charged salicylate ions or increased by positively charged tetra-
phenylarsonium ions (Figs. 60,62). There is no doubt that the observed 
membrane conductance is due to 2,4,5-TCP and not due to modifying ions, 
because the characteristic pH dependence of uncoupler induced conduc-
tivity remains the same in the presence of both tetraphenylarsonium and 
salicylate (Fig. 62). McLaughlin (64) has shown earlier that the effect 
of salicylate on membrane ion transport is primarily electrostatic; 
salicylate ions adsorb at the membrane/water interface and decrease the 
electric potential of both the membrane surface and membrane interior. 
From studies of interaction of tetraphenylarsonium with membranes (63) 
one can conclude that the tetraphenylarsonium ions impart positive 
charge to membranes. The effect of the presence of membrane charge 
mudifying ions can be conveniently discussed in terms of electric poten-
tial distribution illustrated in Figs. 68 and 69. These figures show 
the electric potential profile across the membrane and adjacent aqueous 
layers, assuming that the additional charge due to modifier ions is 
evenly distributed at the membrane surface. The generalized, potential 
energy profile for membrane permeable ion diffusing across the membrane 
is shown in Fig. 70 (see Fig. 8). If the transmembrane ion transport is 
limited by the diffusion across the membrane barrier, which we have 
shown is the case for PCP, 2,4, 5-TCP, and PCBT at low concentration, 
then the steady state zero voltage conductance is approximately propor-
tional to a Boltzmann factor having a membrane barrier height in the 
exponent, 
Figure 68. Potential energy profile in the membrane and in 
the adjacent aqueous layers due to uniformly distributed 
negative surface charge alone. 
0/ 
+ 
$.> + 0 + 
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Figure 69. Potential energy profile in the membrane and in 
the adjacent aqueous layers due to uniformly distributed 
positive surface charge alone. 
197 
198 
x 
Figure 70. Generalized potential energy profile for membrane 
permeable ion diffusing across the membrane (see also Fig. 8). 
(345) 
If Wb corresponds to membrane barrier height in the absence of membrane 
modifying ions, then in their presence the membrane barrier height is 
changed by ze'l' , 
m 
where 'I' is the membrane potential due to modifier 
m 
ions (F igs. 68 and 69). Thus the new conductance level G' can be 
related to the conductance G according to the equation (7,28,64) 
G' = G.exp(-ze'l' /kT). 
m 
(346 ) 
From this relationship one can draw some conclusions about the charge 
of the membrane permeable ion, ze. Since an increase of membrane conduc-
tance was observed in the presence of tetraphenylarsonium ions ('I' >0), 
m 
and a decrease for salicylate ions ('I' <0), the above electrostatic 
m 
argument compels us to conclude that the 2,4, 5-TCP induced membrane 
conducti vi ty has to be associated with the transmembrane transfer of 
charge of negative polarity. This evidence provides support to the 
appl icabi li ty of kinetic schemes of uncoupler induced charge transport 
that assume the existence of a negatively charged dimer complex as the 
membrane permeable ion. 
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One of the consequences of altered membrane surface potential 
by the adsorption of lipophilic ions is that the molar ratio of the 
neutral and ionized forms of uncoupler is expected to change compared 
to that in their absence. This change was expected to be demonstrated 
by not only changes in the magnitude of the conductance, but also in 
the displacement of the conductance against pH curve along the pH axis. 
Our experimental results indicate existence of small pH shifts of 
conductance maximum. (Fig. 62). 
The problem of changes of uncoupler induced membrane conduc-
tance by secondary lipophilic ions can be approached using the assump-
tion that the dominant effect is electrostatic. We have shown that the 
adsorption of the anionic form of PCP at membrane surface is Clffected 
by repulsion between the bound and free PCP anions; the distribution of 
PCP anions between the membrane surface and the aqueous phase can be 
accounted for in terms of Langmuir adsorption isotherm corrected for 
the electric potential in front of membrane surface (Fig. 59). For the 
purpose of semiquantitative discussion of pH shifts of conductance 
maximum we assume that all of the uncoupler and secondary ion binding 
sites on membrane surface are equivalent. Using subscript "S" for the 
secondary membrane modifying ions, the membrane surface density of 
uncoupler anion A- is given by 
(347) 
where 8 X density of bound X species, 
KX binding constant of X species, 
8 T total density of binding sites, 
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CT total concentration of uncoupler in the aqueous phase, 
~ membrane surface potential, 
m 
and 
Similarly for the neutral uncoupler molecule HA, 
(348) 
Eqs. 347 and 348 enable SA and BHA to be expressed in the forms 
h (349) A + B.h 
BA 
1 (350) 
C + D.h ' 
1 + KA C
T exp(e~ /kT) 
where A m , (351) 
KHAC (BT - B ) T S 
B 
1 + KHA C
T (352) 
HA K CT (BT - B ) S 
A exp(e~ /kT) 
C 
1 + K CT m (353) 
KA C (BT - B ) exp(e~ /kT) T S m 
1 KHA C 
and D 
+ T (354) 
KAC (BT - BS) exp(e~m/kT) T 
In order to simplify the analysis, it was assumed that ~m and Bs remain 
constant so that A,B,C, and D are constant. Since according to the 
dimer models, the zero voltage conductance is proportional to the 
201 
product of BA and BHA , the pH of the conductivity maximum is obtained 
from the equation 
o. 
This yields 
h 
(pK _ pH ) 
10 a gmax 
= 
1 + KA CT exp(e~m/kT) 
1 + KHA C
T 
(355) 
(356) 
Our experimental results obtained in the absence of secondary 
ions and at low concentration of 2,4, 5-TCP (i. e. under condi tions of 
minimum kinetic limitations and minimum membrane surface potential 
changes), indicated that the conductance maximum occurred at pH equal 
to pK (=7.0) of 2,4,5-TCP (Fig. 62). The prediction of the above model 
a 
for the occurrence of maximum at pH = pK
a 
and under the condition of BS 
= 0 when I ~ I «kT Ie is that the binding constants of the ionized and 
m 
the neutral form of uncoupler KA and KHA are equal. The conductance 
maximum would be found at a pH below pK if 
a 
(357) 
If KA = KHA remains valid in the presence of secondary ions, then the 
above inequality reduces to the condition that ~ >0. Thus the shift of 
m 
conductance maximuni to pH<pK is expected for a positively charged 
a 
membrane surface. This kind of pH shift was observed in the presence of 
positively charged tatraphenylarsonium ions, in agreement with the 
above model. For negatively charged salicylate icns a corresponding pH 
displacement of conductance maximum to pH>pK was not experimentally 
a 
observed. The origin of the discrepancy is not clear. It is very likely 
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that our model of membrane/water interface is incomplete. First of all, 
the applicability of the concept of smeared charge has to be tested 
(41,83). It is expected that if the polarization of the aqueous phase 
by membrane bound ions was taken into account and the ions were treated 
as discrete charges one would predict large changes of electric poten-
tial in the membrane core, whereas the change of potential wi thin the 
adsorption plane would be small. The consequence would be a relatively 
large change of membrane conductance since it is affected by the change 
of the height of membrane barrier in the core region, whereas the pH 
related changes such as density of membrane permeable ions, would be 
rather small, because they are determined only by the fringe field of 
membrane bound ions and counterions screening the membrane bound char-
ges. The membrane/water interface region, in contrast to membrane core, 
is poorly understood and should become the focus of future studies. 
TRANSIENT MEMBRANE CURRENTS 
In this section we present arguments to demonstrate that: 
(a) The observed changes of the relaxation time constant and 
the relaxation amplitude with experimentally controllable quanti ties 
such as applied potential difference, pH, and concentration of uncoup-
ler agree qualitatively with the predictions of dimer models discussed 
in Chapter I II . 
(b) In contrast to PCP and 2,4,5-TCP treated membranes the 
relaxation characteristics of PCBT containing membranes indicate that 
PCBT induced charge transport is strongly kinetically limited, which 
supports the conclusions made from the voltage dependence of steady 
state membrane conductance. 
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(c) The kinetic limitations of PCP, PCBT, and 2,4,5-TCP induced 
transmembrane ion flux is not caused by slow kinetics of formation of 
membrane permeable ions, HA + A- = HA;. 
It follows from the theoretical analysis of kinetic schemes of 
membrane transport that the relaxation amplitude ex of transient mem-
brane current is proportional to the kinetic limitation parameter E, 
and is given by ex = E cosh(eV/2kT) (Eqs. 244,323). This expression 
provides the desired connection between the steady state studies of 
kinetic limitations, in which E is obtained from measurements of voltage 
dependence of steady state conductance, and the transient current 
studies, which provide relaxation amplitude. Thus, the greater the 
kinetic limitation, the greater the relaxation amplitude. Furthermore, 
if our understanding of uncoupler induced membrane conductance is 
conceptually correct, then both ex and E are expected to have the same 
functional dependence on pH and uncoupler concentration. These relation-
ships were confirmed by our numerical solutions of the sets of differen-
tial equations describing the kinetic schemes. 
We have found that the kinetic limitation of PCP, PCBT, and 
2,4,5-TCP induced membrane transport is not assoc iated with the slow 
dimerization process. Briefly, the argument goes as follows: The analy-
sis of dimer models has shown that in case of the kinetic limitation as-
sociated with the slow dimerization process both the relaxation ampli-
tude and the time constant are independent of pH and uncoupler concen-
tration. This contrasts with our experimental results for PCP, PCBT, 
and 2,4,5-TCP treated membranes showing that the time constant is 
dependent on both the pH and the uncoupler concentration. Therefore, 
the process of formation and dissociation of membrane permeable dimers, 
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HA; , does not 1 imi t the transmembrane ion flux induced by the uncoup-
lers PCP, PCBT, and 2,4,5-TCP. 
Wi th the exclusion of the dimerization kinetics as the origin 
of observed kinetic limitations, there are several other kinetically 
limiting processes that may produce the observed experimental results. 
Some are common to both dimer schemes. These are: (1) slow return 
pathway of HA molecules, and (2) slow rate of the reaction HA - A 
+ H , which is either due to slow rate of dissociation of HA form, or 
slow association of hydrogen ion from the aqueous phase. For dimer 
model B there is, in addition, a possibility of slow rate of desorption 
of HA molecules from the membrane. 
PCP, PCBT, and 2,4,5-TCP induced transient current measurements 
have shown that membrane current relaxations were enhanced at pH values 
above the pH of maximum conductance. The theoretical analysis of 
kinetics of dimer transport schemes indicated that the above observa-
tion is consistent with either the kinetic limitation due to slow 
backflow of HA form, or due to slow interfacial transfer of hydrogen 
ions, or for the case of PCBT, due to slow interfacial transfer of HA 
molecules. Furthermore, the dependence of relaxation characteristics on 
concentration of uncoupler is also similar for the above types of 
kinetic 1 imi tations. From the limited relaxation data it is not pos-
sible to determine which type of kinetic limitation is responsible for 
the current relaxations observed at high pH. 
Another noteworthy feature of PCBT induced transient currents 
is that the relaxation amplitude of PCBT treated membranes was more 
strongly voltage dependent than that for PCP or 2,4,5-TCP modified 
membranes (Fig. 63 and data not shown). This difference can be under-
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stood and is consistent with the predictions of kinetic schemes. It 
follows from the relationship between the relaxation amplitude a and 
the kinetic limitation parameter E that for a kinetically limited 
membrane transport system I::.a = E [cosh(eV2/2kT) - cosh(eV1/2kT)]. Our 
observation of greater changes of the magnitude of PCBT inc.:·uced relaxa-
tion amplitude I::.a with the applied voltage V, compared to that of PCP 
and 2,4,5-TCP, is consistent with our conclusion made earlier that PCBT 
induced charge transport is more strongly kinetically limited (large E) 
than that of PCP and 2,4, 5-TCP (small E). The existence of larger 
relaxation amplitude and strong kinetic limitation in the case of PCBT 
treated membranes is also consistent with the fact that, for a given 
concentration of uncoupler, the PCBT induced membrane conductance is 
also greater compared to that for PCP (compare Fig. 42 with Fig 43). 
Naturally, for greater rate of transport of charge across the membrane 
it is more likely that other processes which are coupled to ion 
translocation may not be fast enough to maintain the distribution of 
transport constituents at or close to equilibrium. This can be seen 
also in the results of analysis of kinetic schemes; both the conduc-
tance (Eqs. 238,313) and the kinetic limitation parameters (Eqs. 227, 
230,298,301-303) are proportional to k k Ike' the product of the rate o a 
constant of dimer translocation across the membrane and the dimer 
association constant kalke' Therefore, if the rate of ion transport 
across the rr:'=!mbrane is increased either due to the increase of k
o
, 
and/or due to greater dimer association constant ka/~, then, if other 
properties remain unaffected, it is to be expected that such a system 
is kinetically limited to a greater degree. The experimental results 
for peBT-induced conductance and relaxation are consistent with the 
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above statements. The representative value of kOk Ik 
Cl S 
for PCP induced 
conductance, obtained from the pH dependence and concentration depen-
dence of zero voltage conductance, 14 2 is of the order of 1xlO cm IM.sec, 
whereas that for the case of PCBT conductance, which is strongly 
kinetically limited, it is of the order of 1x1016 cm2/M.sec. For 
comparison, from the results of kinetic studies of uncoupler DTFB 
reported by Cohen et. al. 14 2 (8), we estimate kOkc/kS = 3x10 cm 1M. sec • 
which is about the same order of magnitude as for PCP. 
The kinetic 1 imi tation of PCBT induced conductance observed in 
steady state studies at low pH was attributed to slow interfacial 
transfer, or desorption, of PCBT anions. We have not been able to 
observe with our equipment a relaxation process in the low pH range. 
This negative result is also consistent with the predictions made from 
dimer kinetic scheme B (dimer model B: Chapter III); from the pH 
dependence of relaxation characteristics (Fig. 39), it follows that, in 
general, the relaxation time becomes shorter at lower pH and may be 
below the resolving power of the existing experiment~l setup. 
In summary, the qualitative agreement of transient current 
characteristics for PCP, PCBT, and 2,4,5-TCP modified membranes with 
those obtained from the steady state studies and properties of dimer 
kinetic schemes indicate that our understanding of the mechanism of ion 
transport induced by these compounds is conceptually correct. 
BIOLOGICAL SIGNIFICANCE 
In this section we will address three major results 
(a) the observed correlation between the pH dependence of PCBT 
induced membrane conducti vi ty and the PCBT induced uncoupl ing acti vi ty 
in mitochondria, 
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(b) the toxic effect of PCP on alga Selenastrum capricornutum 
occurring at the same PCP concentration level as the appearance of 
induced electrical conductivity of lipid bilayer membranes, and 
(c) the identity of mechanism of PCP, PCBT, and 2,4,5-TCP induced 
electrical conducti vi ty in artificial membranes and their uncoupling 
activity in ATP producing organelles. 
We have explored the problem of existence of a causal relation-
ship between the induced membrane conductivity and toxicity of weak 
acid uncouplers primarily for the following reasons. First, because 
PCP, PCBT, and 2,4,5-TCP have the characteristics of weak acid uncoup-
lers. Second, because of the possibility to develop future studies of 
uncoupling at the quantitative level if the identity of the mechanism 
of uncoupling and induced electrical conduction is established. 
We restate briefly the conception of the problem that existed 
at the time when this project was formulated. There were two major 
conflicting points of view of uncoupling process. According to one 
school of thought the primary effect of uncouplers was due to binding 
of uncoupler to proteins involved in the conversion of ADP to ATP 
(33,84); the electrical conductivity induced in lipid membranes was con-
sidered to be either an artifact or a phenomenon of secondary impor-
tance. The al ternati ve hypothesis assumed that the primary action of 
weak acid uncouplers is their ability to dissipate the electrochemical 
potential energy accumulated in the hydrogen ion concentration gra-
dients and electric charge separation existing across energy trans-
ducing membrane (11). This latter point of view is consistent, or 
considered as a corollary of the chemiosmotic hypothesis of coupling 
electron transport to phosphorylation (2,85). 
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PCBT was one of the compounds used in the arguments against the 
applicabili ty of the second hypothesis (34). The investigators making 
such claims succeeded in demonstration and characterization of uncoup-
ling activity of PCBT. However, their data on PCBT induced electrical 
conductivity in lipid membranes convinced them that there is no correla-
tion between those two effects (34). In contrast, we have found with 
carefully controlled experiments, that PCBT induces relatively large 
electrical conductivity in lipid membranes. Furthermore, we have found 
that the pH dependence of the induced membrane conductance and the pH 
dependence of PCBT uncoupling activity in rat liver mitochondria, given 
in their report, are very similar. 
Another set of experiments on uncoupling acti vi ty, the reduc-
tion of carbon uptake of alga Selenastrum capricornutum by PCP has also 
provided support to the point of view that the origin of PCP toxicity, 
as we observed it, is physical in nature. We have found evidence for 
rapid depletion of the energy source, ATP, that is required for carbon 
uptake by the alga. We have found that the onset of toxic effect is 
very rapid; it occurred on a time scale of an hour, which contrasts to 
toxic effects related to the changes of algal metabolism occurring on a 
time scale of 10 hours. Even more important is the observation that the 
toxic effect in alga occurred at the same ~oncentration level of PCP at 
which we observed appearance of PCP induced electrical conductivity in 
lipid membranes. 
The biological significance of our results is seen in the 
following. We have demonstrated the existence of PCBT induced electri-
cal conductivity in lipid membranes, and thus eliminated one of the un-
couplers from the list for which this effect, paralleling uncoupling, 
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was disputed. Further, we have shown that for PCP, the onset of 
toxicity in alga Selenastrum capricornutum is parallel to the onset of 
PCP induced conductivity in membranes. These effects are consistent 
with and provide support to the hypothesis that the mechanism of 
uncoupling and the mechanism of induced conductivity by weak acid 
uncouplers are identical (8). As additional support for the chemiosmo-
tic theory of uncoupling action, we refer to the results of our studies 
of membranes treated with PCBT, PCP or 2,4,5-TCP by electrical methods. 
We have found that the flow of electric charge across the membrane is 
supported by the diffusion of hydrogen ions on the aqueous side of the 
membrane/water interface, and that the transfer of charge across the 
membrane core is due to the uncoupler related anion. The transfer of 
charge in the membrane is kinetically coupled to the translocation of 
protons in the opposite direction. The results obtained in this project 
provide evidence that strongly supports the view that the physical 
processes accompanying the dissipation of hydrogen ion electrochemical 
potential energy in phosphorylating membranes by weak acid uncouplers 
and those associated with the effect of induced electrical conductivity 
are indeed identical. 
CHAPTER VI 
CONCLUSIONS 
Pentachlorobenzenethiol was one of the compounds used in the 
past to point out the absence of correlation between the phenomenon of 
uncoupling of oxidative phosphorylation and induced membrane conduc-
tivity. We have experimentally demonstrated the existence of the dis-
puted membrane conducti vi ty due to pentachlorobenzenethiol and have 
also shown that the pH dependence of pentachlorobenzenethiol-induced 
membrane conductance was similar to the pH dependence of uncoupling 
acti vi ty in rat liver mitochondria. The correlation between (a) the 
pentachlorobenzenethiol-induced membrane conductance and the penta-
chlorobenzenethiol-induced uncoupl ing acti vi ty, and (b) the concentra-
tion of pentachlorophenol required to induce conductivity in membranes 
and the concentration required to induce toxicity in alga are consis-
tent with the chemiosmotic coupling hypothesis. 
Out of a series of kinetic models of membrane transport studied 
in this project the one that best explains the experimental results of 
membrane conductivity induced by pentachlorophenol, pentachlorobenzene-
thiol, and 2,4, 5-trichlorophenol is the one in which the induced con-
ductance is the result of flow of the dimer complex HA2 across the 
membrane. This transmembrane flux of HA; ions is supported by the back-
flow of neutral uncoupler molecules HA across the membrane. The results 
of the study of kinetic limitations of membrane conductivity induced by 
the above compounds are consistent with the hypothesis that the trans-
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membrane ion flux is kinetically coupled with the transfer of hydrogen 
ions across the membrane. The continuity of charge flow across the 
membrane is maintained by the flow of protons across the membrane water 
interface in the case of pentachlorophenol and 2,4, 5-trichlorophenol , 
and by the interfacial flow of pentachlorobenzenethiol anions for the 
case of pentachlorobenzenethiol. 
The study of adsorption of pentachlorophenol anions to lipid 
bilayers indicates that this phenomenon can be satisfactorily explained 
by the Langmuir adsorption isotherm, provided that the electrostatic 
repulsion between the anions adsorbed to the membrane and those adja-
cent to the membrane is accounted for by a Boltzmann factor. 
The changes of the magnitude of 2,4, 5-trichlorophenol induced 
membrane conductivity in the presence of tetraphenylarsonium and salicy-
late ions can be explained by electrostatic arguments by taking into 
consideration adsorption of these membrane modifier ions at the mem-
brane surface and the change of the height of membrane energy barrier 
for membrane permeable ions derived from 2,4, 5-trichlorophenol. How-
ever, this electrostatic argument was found inadequate to explain the 
pH shift of conductivity observed in the presence of salicylate ions. 
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APPENDIX 
REACTION LAYER THICKNESS 
It is assumed that in the case of interfacial transfer of HA 
and A- species the proton association-dissociation reaction is taking 
place in the aqueous phase. Since under normal experimental conditions 
the buffer concentration is several orders of magnitude greater than 
the concentration of the uncoupler in the aqueous phase, we assume that 
hydrogen ion concentration is constant, both in space and time. 
Consider the interfacial processes occurring at the positively 
biased membrane surface and depicted in Fig. 71. Due to the applied 
electric potential difference there is a net rate of transfer of A 
ions from the membrane surface into the aqueous phase, and a net rate 
of entry of HA molecules from the aqueous phase into the membrane. The 
excess aqueous concentration of A- is dissipated by the recombination 
wi th hydrogen ions. It is to be expected that the disturbance is 
greatest at the interface and that it decreases with the distance from 
the interface. We define y as the characteristic length for the spatial 
distribution of A- and HA and refer to it as a reaction layer 
thickness. It can be estimated from the steady-state condition, namely 
that 
a HA d 2 
+ kAaHnA n HA = D -- nHA kDnHA 0 , at dx2 a a a a 
(A.1 ) 
and a A d
2 
- kAaHNA at nA D -- nA + kDnHA = 0 . 
a dx2 a a a 
(A. 2) 
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Figure 71. Interfacial processes occurring in dimer model B 
at the positively biased membrane surface. 
In addition, at steady state, the total flux of anions A-at any point 
in the aqueous phase is zero. Therefore 
Integrating with the assumption that DHA 
nHA (x) 
a 
N 
a 
o . (A.3) 
D yields 
(A.4) 
where N is the total aqueous concentration of the uncoupler, which is 
a 
a constant. By eliminating nA between Eqs. A.l and A.4 one can obtain 
a 
221 
o o . (A.5) 
The solution, taking into consideration that n HA is finite at x+~ 
a 
is given by 
n HA (x) 
a 
h 
1+h Na - M exp(-).x) , 
where M is a constant and 
The corresponding spacial 
(x) 1 n A l+h N + a 
a 
Hence the reaction layer 
y 
1 
r 
o 
variation of nA 
a 
M exp(-).x) . 
thickness is given 
(A.6) 
(A. 7) 
is 
(A.8 ) 
by 
(A. 9) 
